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i 
Abstract 
Keywords: Seepage, Evaporation, Irrigation, Channel, Distribution, Losses, Semi-arid 
The annual loss of water in agricultural storage and supply channels due to evaporation 
and seepage is estimated to exceed several thousand gigalitres representing billions of 
dollars lost to the Australian economy. There is a need for water-saving measures and a 
structured approach to assess water loss in earthen supply channels.  
The focus of this study (the St George Irrigation Area) [GDA94 S 28.048953°, E 
148.582.746°] is the only public dam supplemented agricultural water supply system in 
southwest Queensland supplied by earthen channels and it is a major contributor to the 
fibre (mainly cotton lint) produced in Australia. 
This study measured the seepages losses in 9 km of a 50 year old agricultural channel 
water supply system constructed in St George, Queensland. The results of the study 
were compared to the seepage losses measured in other Australian studies. The expected 
seepage loss was less than 0.035 md-1. 
The ponding test method was used to calculate the daily seepage losses through the bed 
and walls of the channel supply system at three sites. The sites were selected based on 
soil types and the nature of the use. Absolute pressure sensors installed in three isolated 
channel sections measured the rate of drop of the free water surface in the channel. The 
daily seepage loss rate was calculated by subtracting the daily evaporation from the rate 
of drop of the free water surface.  
The estimated seepage loss during May 2015 at Site 3: Buckinbah B2/2 Channel 
(designed capacity of 29 MLd-1) was 0.008 md-1 ± 0.002 m (95%). 
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Chapter 1 Introduction 
The study compared the results published from other seepage loss studies in channel 
systems with the direct measurements of seepage losses in approximately 9 km of the 
99 km of channels supplying the St George Irrigation Area (SGIA). 
The aim of the study was to improve the knowledge of seepage losses in the SGIA. 
Seepage is the exchange of water through the wetted perimeter of the supply channel to 
the underlying shallow soil layer. The water exchanged through the wetted perimeter of 
the earthen conduit gradually moves vertically and horizontally through the soil and 
subsurface material (USGS, 2014). Figure 1.1 depicts shallow surface leakage through 
the banks of the channel. Surface leakage through the banks of the channel is easier to 
identify, while vertical seepage is more likely to be governed by soil conditions. 
 
 
Figure 1.1. Vertical seepage is more likely to be governed by soil conditions (SKM, 2003). 
 
1.1 Need for the study (The Problem) 
Seepage is the dominant process by which water is lost from earthen distribution 
channels, along with evaporation, which can also contribute to a high proportion of 
losses in dry areas (Moavenshahidi et al., 2014). 
Seepage losses contribute to the efficiency of irrigation systems. The efficiency of 
irrigation systems has come into focus as food security has been coming back on the 
centre stage as a major challenge for future decades (Brelle and Dressayre, 2014). The 
loss of storage water due to evaporation and seepage is estimated to exceed several 
thousand gigalitres per year representing billions of dollars lost to the Australian 
economy (Craig, 2006). Saving water by improving irrigation infrastructure requires 
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locating seepage ‘hotspots’ (channel sections where relatively high water loss occurs) 
and quantifying water losses to facilitate investment decisions in irrigation systems 
(Akbar et al., 2013). The spatial distribution of seepage rates along the channels must be 
quantified to establish the economic and environmental merit of reducing conveyance 
loss (Khan et al., 2009). 
The seepage losses measured in this study were located in the earthen channels of a 
water supply system in St George, Queensland. The earthen channels supply water from 
E.J. Beardmore Dam on the Balonne River to farmers located within the SGIA. The 
SGIA is located within the Darling Downs – Maranoa Statistical Region (Figure 1.3) 
and the greater Murray-Darling Basin (MDB) (Figure 1.2). 
The MDB is by far the most significant food and fibre region in Australia, containing 
about 40 per cent of Australian farms and 70 per cent of Australia’s irrigated land area. 
In 2012-13, irrigated agricultural production in the Basin accounted for over 50 per cent 
of Australia’s irrigated produce, including 96 per cent of Australia’s cotton (MDBA, 
2015). Improving the knowledge of water supply system losses has the potential to lead 
to better water efficiency within the channel system.  
The study of seepage losses in the SGIA channels is significant because it is the only 
supplemented irrigation system in southwest Queensland and it is a major contributor to 
the cotton lint produced in the region. In the Darling Downs – Maranoa Statistical 
Region, cotton lint was the second most important commodity and accounted for 19 per 
cent ($556 million) of gross value of agricultural production in 2012-13 in that region 
(ABARES, 2015). 
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Figure 1.2.  St George is located within the Murray-Darling Basin (MDBA, 2015). 
 
Farms in the SGIA receive water via a gravity fed system of earthen channels from the 
main storage, the E.J. Beardmore Dam. Transmission losses in the channels are due to 
the following factors: 
- Seepage (also described by infiltration to channel storage and/or floodplain 
soils) 
- Evaporation. 
 
1.2 Study objective 
The need for the study arises because there are no published estimates of seepage losses 
in irrigation distribution systems in southwest Queensland. Therefore, the broad aim of 
the study was to directly measuring seepage losses. 
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1.3 The use of seepage loss estimates  
The seepage loss estimate is a portion of the loss factor used to estimate the operational 
capacity to deliver water to users within the supply scheme area. 
The Queensland Department of Natural Resources and Mines (DNRM) allocated shares 
of the water available from the E.J. Beardmore Dam storage using historical simulations 
of the SGIA (which is part of the St George Water Supply Scheme). 
The simulations estimated daily stream flows, flow management, water extractions, 
water demands (including operational losses) and other hydrologic events in the plan 
area (Figure 2.1) between 1922 and 1995. 
The average of the losses for releases from Beardmore Dam were calculated using a loss 
factor of 1.15 times the supply volume – the 1.15 loss factor included all transmissions 
losses (Harding, 2002) (i.e. seepage, evaporation, overflows et cetera).  This means that 
for every gigaltire of water released from the Beardmore Dam that 15 per cent or 150 
ML of water is lost in the supply system. 
The 1.15 loss factor was included in the simulation to estimate the operational capacity 
to deliver water to users within the supply scheme. The exact loss factor varies 
depending on the length of channel, the construction method used, vegetation, 
groundwater level and soil type between the point of release and the farm gate, as well 
as, climate factors, such as daily temperature, evaporation and rainfall at the time of 
release (Harding, 2002). 
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Figure 1.3. Map of the Darling Downs – Maranoa Statistical Region (Queensland Treasury, 2015). 
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1.4 Research question 
The history and development of the SGIA described later in Chapter 2 provides a strong 
context for why water-savings are a critical area of focus for future food and fibre 
security. The aim of the study is to answer the question: 
- Does seepage represent a significant loss to the channel supply scheme in the 
SGIA?  
 
1.5 Objectives of the study 
1. Research the background information relating to this distribution system and 
seepage rates in earthen channels, measuring seepage in earthen channels and 
usage of instrumentation in field measurement. 
2. Design a field measurement programme to collect channel water level, and 
evapotranspiration data, as appropriate. 
3. Analyse field data and estimate seepage loss. 
4. Research the effects that seepage loss has on efficiency in water distribution in 
channel irrigation systems from other studies. 
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Chapter 2 Literature review 
This chapter describes the study area and the background of the St George Water Supply 
Scheme. The later sections of the chapter detail the results of other seepage loss studies 
in Australia and the methods used to measure seepage loss. Finally, the chapter reviews 
methods to reduce seepage losses. 
 
2.1 Background 
A reliable water source in the SGIA is a key to the future economic development and 
the sustainable future of the irrigation industry in the local region. The history and 
development of the SGIA provides a background understanding of how the demand for 
irrigation water has increased since the St George Water Supply Scheme commenced 
during the 1940s and why it is important to estimate seepage losses accurately. 
 
2.1.1 The study area 
The SGIA is part of the St George Water Supply Scheme and it is located within the 
Balonne catchment of the northern MDB (Figure 2.1).  
Rainfall is summer dominate in the SGIA and is influenced by the semi-arid nature of 
the catchment and the average annual rainfall is 517 mm (BoM, 2015). Demands from 
the distribution system are approximately 5 MLha-1 per year although these demands 
are generally administered over a 7-month cotton growing cycle (GHD, 2001).  
The main irrigated crop produced in the SGIA study area is cotton. There was a reduced 
cotton harvest in the 2013 and 2014 seasons following the greatly reduced availability 
of water due to a 10 year period of drought in Queensland (ABARES, 2014). In 2014-
15 the drought continued to affect Queensland farms subduing crop production (ABS, 
2014). 
Despite the decline in cotton production during the drought, cotton remains the 
dominant irrigated summer crop in the upper MDB on clay soils, due to the expectations 
of improved returns, relative to other summer crops (Gunawardena and McGarry, 
2011). 
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Figure 2.1  shows the location of the St George Water Supply Scheme. The scheme is 
located at the headwaters of the Balonne River (part of the Condamine River and 
Balonne River catchments). The Condamine and Balonne catchment are the headwaters 
of the Murray-Darling Basin river system that flows through Dirranbandi and Hebel 
across the Queensland border to New South Wales. 
 
2.1.1.1 Development history of the SGIA water supply 
As early as 1889, the Queensland Government proposed to conserve water by building a 
series of weirs on the Condamine River between Dalby and St George, but this idea was 
abandoned when surveys showed that only very small storages could be constructed 
along that section of the stream. Then, in 1953, the Commissioner of Irrigation and 
Water Supply first presented the St George Irrigation Project (the original developed 
area of the SGIA) to the Queensland Parliament. The project aimed to bring the benefits 
of irrigation to the western area of Queensland. (Nimmo, 1953). 
According to Nimmo, a combined concrete bridge and weir (the Jack Taylor Weir) – 
was completed in 1948 for the primary purposes of providing a road crossing on the 
Balonne River and a water supply for the town of St George. The surplus water stored 
behind the weir was to be used as an experiment to discover what extent the benefits of 
irrigation could be brought to the west. 
The irrigation area developed in two stages. The first stage (the western St George Main 
Channel system) was comprised of 17 farms, taking water from the quantity available 
from the existing Jack Taylor Weir. The initial farms were not successful due to the 
small size of the farms and low water allocations and later both of these allocations 
increased when the capacity of Jack Taylor Weir increased. 
In 1972, the irrigation area expanded (the eastern Buckinbah channel system) with the 
opening of 32 new irrigation farms following the completion of Beardmore Dam and 
associated weirs and channels. The area irrigated in the 1970s was constant at 
approximate 8000 hectares. In the 1980s the irrigated area increased to approximately 
9000 hectares and over the same period cotton became the dominant crop, exceeding 90 
per cent of the area planted in the SGIA (QWRC, 1994). 
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Figure 2.1.  The plan area for the Condamine and Balonne catchments (Queensland Government, 2015). 
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The trend in water use increased accordingly with the increase in cotton farming, and 
the trend indicates that there is demand for 100 per cent of nominal allocation from 
Beardmore Dam in most years. This demand has been confirmed more recently by the 
Queensland Competition Authority (QCA) review of future price pathways that collated 
up to 25 years of historical data for all water use and cited that SunWater (Queensland 
Government Corporation, i.e. the scheme operator) assumed a water usage forecast of 
95 per cent of the allocation in the river system (QCA, 2011). 
Despite the increased water demand, the capacity of the channel system remained the 
same, which created over-demand for water from Beardmore Dam.  
The rising water demand trend occurred during a period following severe drought – 
which was complicated further, following a detailed survey in 1993 that reduced the 
estimated capacity of Beardmore Dam from 111 GL to 81.9 GL. 
 
2.1.1.2 Overview of the supply system from the Beardmore Dam to the SGIA 
In Australia the main mechanism for the supply of water from water supply schemes to 
farms is through earthen channels (Khan et al., 2009). Beardmore Dam supplies water 
through approximately 100 km of earthen channels to farms located within the SGIA 
(Figure 2.2). 
The E.J. Beardmore Dam is located approximately 20 km upstream from St George on 
the Balonne River. The water supplied to the SGIA is gravity fed through the Balonne 
River and Thuraggi Watercourse (SunWater, 2011). Since 1998, the channel operator 
has controlled the water supplied within the channel system using a Supervisory Control 
and Data Acquisition (SCADA) system installed at the major storages (e.g. Buckinbah 
Weir) and manual gates (Figure 2.2). Figure 2.3 shows the system capacity, and the 
locations of the connections between channels, pump stations, channel regulators and 
channel overflows.  
Water released from the Beardmore Dam flows along the Balonne River and Thuraggi 
Watercourse and is supplied to the SGIA, where: 
- the western portion is supplied by pumping from Jack Taylor Weir on the 
Balonne River to the St George Main Channel 
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- the eastern portion is supplied by gravity via Thuraggi Watercourse released via 
Moolibah Weir and Buckinbah Weir to the Buckinbah Main Channel. 
 
The western channel system (the St George Main Channel) constructed during the 
1950s was compacted earth and the eastern channel system (the Buckinbah Main 
Channel) was constructed during the 1970s. The first 3 km (approximately) of the St 
George Main Channel was clay lined during the 1980s. Table 2.1 shows the summary of 
the construction types and lengths of the channels (GHD, 2001).  
 
Table 2.1.  Main Channel Characteristics (GHD, 2001). 
Channel Total Length 
[m] 
Component Length [m] 
Earth Unlined Clay Lined Pipe 
St George Main Channel 53528 49753  2917 858 
Buckinbah Main Channel 33785 33625 - 160 
 
2.1.1.3 Estimated efficiency of the distribution system 
The efficiency of water supplied to the SGIA is the ratio between water supplied to 
SunWater customers and water delivered to the system (i.e. released from Beardmore 
Dam). 
In 1974, the maximum draft (demand plus losses) on the SGIA system was the customer 
demand plus the system distribution losses and the assumed efficiency distribution for 
the SGIA was 75 per cent (QWRC, 1994). Following the major expansion of the 
channel system in the 1970s the estimated efficiency increased to 85 per cent under 
current operating conditions (GHD, 1997). The efficiency gain was due to the increased 
channel capacity and higher flow rates of the newly constructed extension area to the 
east known as the Buckinbah Channel System. 
 
12 
 
Figure 2.2. St George Irrigation Area Locality Map (GHD, 2001). 
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Figure 2.3. SGIA Schematic Layout (GHD, 2001).
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Despite the early development efficiency estimates cited above, there is limited 
efficiency data available about the SGIA and an internal report commissioned by the 
DNR estimated the annual distribution efficiency was between 76 per cent (average 
operational efficiency) and 95 per cent (average theoretical efficiency) for the period 
between 1993/1994 and 1997/1998 water years. GHD established these efficiency 
estimates in 2001, which included distribution losses attributed to seepage and 
evaporation. No efficiency data has been available since 1998 when SunWater 
commenced operation of the scheme.  
For the distribution system efficiency review, GHD estimated evaporation losses and 
seepage rates (GHD, 2001) as shown in Table 2.2 and Table 2.3. The seepage rates 
estimated by GHD were adopted based on measurements made in other Queensland 
water supply systems. The pan factors reported by GHD are from Bureau of 
Meteorology evaporation measurements (Table 2.2) recorded at Inglewood, Queensland 
(approximately 300 km east of St George) and the adopted seepage rates (Table 2.3) 
were “best guess” approximations. 
 
Table 2.2. Average monthly evaporation at Inglewood, Queensland (mm) (GHD, 2001). 
Station No. Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
043053 251 212 199 134 84 61 63 89 140 188 228 226 
Pan Factors1 0.92 0.96 1.01 0.76 0.58 0.47 0.38 0.59 0.85 0.89 1.01 0.91 
1. Pan factors Weeks (1991) 
 
Table 2.3. Estimated seepage rates for the SGIA (GHD, 2001). 
Channel Lining Type Seepage Rate [md-1] 
Clay Lined 0.005 
Unlined Earth 0.008 
 
2.1.1.4 Water accounting in the SGIA 
Water supplied through the system is regulated at a few measurement points located at 
simple control structures used by the operators to change flow rates to different supply 
zones in the channel system. Despite, the seemingly unsophisticated automation of the 
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water supplied to the SGIA, the operators indicated no noticeable seepage was 
occurring along the channels. However, to the contrary, GHD cited irrigator 
representatives suggested that particular sections of channel (through sandy soils) 
showed signs of water loss through seepage (i.e. unusually green vegetation in a dry 
landscape).  
Individual meter outlets installed on the channel offtakes record each client’s monthly 
water use. A combination of mechanical dethridge wheels (Figure 2.4) and modern 
electronic ultrasonic meters measure water use. In some cases, the metering devices 
measure more than one water allocation and the water user is responsible for recording 
daily water use to reconcile the take of multiple water products, e.g. supplemented 
supply and unsupplemented water harvesting. The advantage of the simple metering 
system is that it lowers the labour/capital costs for water users and the disadvantage is 
that it is naturally more open to error and time delay between the actual take of water 
and record of the metered use. 
 
 
Figure 2.4. A mechanical dethridge wheel is a highly reliable method of water measurement but has 
a lower accuracy than modern ultrasonic meters. 
 
The delayed water use records mean that the water use record is not precise enough to 
calculate accurate losses within the distribution system using flow data alone. The 
measurement inaccuracies are also likely to contribute to potential errors in the 
estimated operational and theoretical efficiency of the distribution system. 
The overall bookkeeping (of the amount of water available in the dam for release) for 
the St George Water Supply Scheme changed during 2000 as described further below. 
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Water accounting of water stored in the Beardmore Dam has been the main instrument 
used to reallocate water to satisfy the increasing demand for a reliable water supply for 
irrigation. Like many major irrigation water storages in Australia, water supplied to the 
SGIA was historically on an announced allocation basis. In an announced allocation 
system the available water for each season is determined by the water operator based on 
the amount of water available for use at the commencement of the water year or 
irrigation season given prevailing storage levels (Hughes and Goesch, 2008).  
In 2000, the capacity share (also known as continuous sharing) water accounting system 
replaced the announced allocation water accounting system used to manage the water in 
storage in the St George Water Supply Scheme. 
The capacity share water accounting system is a decentralised approach, cited by 
Hughes and Goesch (2008), as first being proposed by Dudley in 1988, where irrigators 
can make their own storage decisions. The capacity share system allocated a share of 
the total storage capacity (as well as a share of inflows into, and losses from, the 
storage) to each water user, rather than a share of total releases for the season. 
In the capacity share system, each water user manages their shares of total storage 
capacity independently, determining how much water to use and how much to store for 
the future (Hughes and Goesch, 2008).  
This method of water accounting helps irrigators decide the area of crop to plant and 
their investment in crop inputs based on the share of the total available storage capacity 
and a predicted crop yield forecast on an annual basis. However, equally, the flexibility 
in this water accounting system and water demand provides a challenge for the operator 
who must now attempt to distribute the water flow based on less predictable flows 
required within different zones of the distribution system, which influences the 
available daily channel capacity.   
 
2.1.2 Key issues facing the St George district  
The economy of the St George district relies heavily on irrigated agricultural 
production. Almost 40 per cent of the population of the surrounding Balonne shire is 
employed in the agricultural industry (Queensland Government Statician's Office, 
2015). The semi-arid climate means that annual production is strongly dependant on 
rainfall and a reliable water supply scheme.  
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The key issue facing the St George district is meeting the future demand for food and 
fibre with potentially less available water and the flow on effects for the local economy. 
Therefore, improving water loss estimates (such as seepage losses) should be studied to 
better understand the overall contribution to water losses within the SGIA distribution 
system. 
This study seeks to improve the knowledge about seepage losses in the SGIA. There are 
two main areas that may greatly benefit from a better understanding of the seepage 
losses. The three main areas are: 
1. the operational arrangements of the channel 
2. farm watering decisions (improving the efficiency of on- and off- farm irrigation 
infrastructure). 
 
2.1.2.1  Operational arrangements 
The operational arrangements are impacted by the capacity of the channel system to 
deliver water to SunWater customers. The capacity of the channel system was based 
originally upon the principle of supplying 5 ML per hectare of irrigable land. Based on 
these calculations peak flow rates in the channel system were determined for individual 
parcels of land. These peak flow rates also made allowances for the hydraulic 
limitations of the individual channel sections (SunWater, 2015). The primary limitation 
of the SGIA channel system is that the peak hydraulic demand of the distribution 
system exceeds the design capacity of the channel delivery system. The peak operation 
of the channel is restricted further by the principal transmission losses, discussed 
elsewhere in the report, but may also be impacted by irrigation demand (seasonal) 
within sections of the channel system and channel maintenance. 
To overcome the system capacity limitation, all of SunWater’s customers must adhere 
to peak flow rates to share channel capacity during periods when demand for water 
exceeds the system’s capacity to delivery.  
Improving the understanding of seepage loss in the channel system has the potential to 
support future infrastructure investments, such as, future channel maintenance aimed at 
improving peak/delivery flow rates.  
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2.1.2.2  Farm watering 
Water users use the available water in storage at the beginning of the growing season to 
estimate the area of crop to plant and DNRM rely on the IQQM computer simulation 
program to understand the long-term security of each water user’s allocation. The 
IQQM calculates the historical availability of water using streamflow recorded at 
gauging stations, climate and land data based on allocated water user demands. The 
long-term availability of the water can be used to temporarily or permanently move the 
point of take of the water to suite water user demand (trading). 
When a water user decides to trade water the availability of water is recalculated at the 
new location or at the same location under the reduced volume using the IQQM. There 
are two outcomes from the simulation:  
- the DNRM can use the simulation as evidence that the average volume of water 
available remains the same in the proposed location following the trade 
- water users use the estimate of long-term diversions to give an indication of the 
amount of water that will be available from the regulated system, so that they 
can plan their crop areas. The growers can use the estimate to forecast their risk 
profile and investment based on the availability of water at the beginning of the 
growing season. 
Improving the understanding of seepage loss in the distribution system has the potential 
to improve the knowledge of water availability used by growers to plan crop plantings. 
 
2.2 Water distribution losses in channel distribution systems 
The main water supply losses in earthen channels are due to the following factors: 
- seepage losses 
- evaporation losses. 
Other water losses may include overflows and theft. 
According to Sonnichsen (1993) the seepage rate is controlled mainly by the effective 
hydraulic continuity of the underlying base material, conveyance material, and the 
hydraulic gradient.  
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The size of the soil particles and the pore space between the soil particles determine the 
pathways for water to transmit from the channel bed and banks through the underlying 
base material. The hydraulic gradient is the difference between the pressure exerted on 
the soil surface by the column of water in the channel and the saturation of the 
underlying base material. The saturation pressure of the underlying base materials can 
be influenced by the conductivity of the nearby groundwater storage. For any given 
degree of soil saturation, the hydraulic conductivity increases going from clay to sand 
particles. With small pores there is a higher resistance to flow and with large pores there 
is less resistance to flow. 
Smith (1982) cited the distribution of irrigation water through a system of earthen 
channels must result in seepage from earthen channels, and that seepage loss is one of 
the largest remaining, but least definable, sources of water loss in the irrigation systems 
(of Northern Victoria). 
Seepage loss from any supply system can vary, but Sonnichsen (1993) cited 
Christopher’s (1981) estimate of 25 per cent of any diversion/release to be an average 
amount lost to seepage. Another factor on estimates cited by Moavenshahidi et al. 
(2014), during a 3 year study, affecting the accuracy of the estimated seepage rates was 
seasonal variation. For example, during a 3 year study, the estimated seepage rate was 
almost 60 per cent higher in August than the rate estimated for September. 
Hence, seepage rates vary widely throughout the year and a variation in rates is not 
unusual especially where silt or sealing takes place over a period of time (United States 
Department of the Interior, 1968) and as groundwater levels change during the season. 
All of the seepage loss studies reviewed concluded that seepage losses reduced the 
efficiency of water distribution; however, the cost benefit of reducing seepage losses 
(discussed in section 2.4) can be prohibitive. 
 
2.2.1 Australian seepage loss studies 
The review of available Australian seepage studies showed that seepage varied between 
0.002 md-1 and 0.088 md-1. Table 2.4 shows the summary of the review. The seepage 
loss studies focussed mainly on supply systems located in Victoria and Western 
Australia. The summary shows the location, the lower and upper limits of the seepage 
rates and the measurement technique used during the study. There is a large range of 
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seepage rates reported due to the variation in the measurement techniques and location 
of the studies. Further notes from the studies included: 
- seepage losses were up to 27 per cent of annual deliveries (Banyard, 1983) 
- about 10 per cent to 30 per cent of water was lost in conveyance from diversion 
point to farm (ANCID, 2003) 
- some of the high seepage rates reported were leakage through holes in channel 
banks such as yabby burrows (McLeod et al., 1990). 
 
Table 2.4. Summary of seepage measured at various Australian sites. 
Location Seepage 
Rate (md-1)  
(Lower 
Value) 
Seepage 
Rate (md-1)  
(Upper 
Value) 
Measurement 
Technique 
Reference 
Goulbourn Murray Irrigation 
District, Victoria 
0.000 0.015 Seepage meter Smith (1982) 
Murrumbidgee Irrrigation/Wimmera 
Mallee/Murray Irrigation, Victoria 
0.004  0.035 Ponding test ANCID (2003) 
Ord Irrigation Area, Western 
Australia 
0.003  0.060 Seepage meter Banyard 
(1983) 
Murrumbidgee, New South Wales 0.010 0.070 Geophysical 
and Seepage 
meter 
Khan et al. 
(2009) 
Murrumbidgee and Coleambally, 
New South Wales 
0.022 0.088 Geophysical Akbar et al. 
(2013) 
Ord Irrigation Area, Western 
Australia 
0.003 0.060 Unknown Alamigir et al. 
(2003) 
Tatura, Victoria 0.004 0.022 Ponding test McLeod et al. 
(1990) 
Coleambally, New South Wales 0.000 0.012 Ponding test Moavenshahidi 
et al. (2014) 
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2.2.2  Other seepage loss studies outside of Australia 
The bulk of seepage studies outside of Australia found during the review were in the 
United States of America (USA) and there was a significant difference to the rate of 
seepage measured in Australian conditions. The rates appeared to be lower than for 
Australian conditions. Although there were more recent studies, the results of the 
seepage loss studies have not varied greatly since first published by the United States 
Bureau of Reclamation in 1968.  
According to the United States Bureau of Reclamation (1968), a well compacted or 
“tight” channel might have a seepage rate of 0.003 md-1 or a seriously leaking unlined 
channel might have a seepage rate of 0.017 md-1 or higher. A summary of the results of 
the study are shown later in the Chapter in Figure 2.6.  
A variety of measurement techniques were used to complete the studies on water supply 
systems that were developed before the Australian systems. The summary in Figure 2.6 
also shows additional data for seepage rates of linings other than compacted earth, 
whereas, the Australian studies only show the seepage rates for compacted earth 
channels. 
 
2.3 Methods to measure seepage losses 
According to Khan et al. (2009), commonly used methods for identifying seepage are: 
- Local quantitative seepage estimates using the Idaho seepage meter (Shinn et al., 
2002) 
- Ponding tests to determine bulk seepage from and isolated channel reach 
- Inflow-outflow tests to determine bulk seepage from channel reaches 
- Geophysical methods. 
 
2.3.1 The Idaho Seepage Meter 
Seepage meters are a point measurement used when the channel is operating or when it 
is not running. This usually involves the application of water to the surface or hole 
within the channel and measurement of the rate of water loss. The infiltration rate has a 
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direct relationship to the seepage at that point and can be useful for identifying seepage 
hotspots and relative seepage potential. 
Seepage meters (Figure 2.5) are cylindrical infiltrometers modified for use under water. 
The method involves the use of a water-tight bell housing embedded into the channel 
bed. The water lost per unit area through the base of the bell is the seepage loss from the 
channel (ANCID, 2004c). 
 
Figure 2.5.  Idaho Seepage Meter used for point measurement of water infiltration/seepage 
(ANCID, 2004b). 
 
2.3.2 Ponding tests 
According to the United States Department of the Interior (1968), the ponding test 
offers the most accurate method for determining rates of loss.  
The ponding test method consists of filling an isolated channel section (such as 
Photograph  2.1) with water and measuring the rate of drop of the free water surface. A 
ponding test uses a water balance approach to determine seepages losses in an isolated 
reach of channel (Moavenshahidi et al., 2014). Although this method is accurate, it is 
invasive and cannot be used on large irrigation channels with many branches or high 
slope, and where normal operating conditions cannot be interrupted (Pognant et al., 
2013). 
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In this test, existing check structures can be used to pond water in an isolated channel 
section – where, canvas or plastic is usually placed over the upstream side to cover open 
joints and to prevent leakage around the isolating structure.  
The test equipment used is a water stage recorder in a stilling well to measure the rate of 
drop in the water surface and in some cases an evaporation pan. If the pond is long or 
subject to wind conditions, the recorders are paired for use at upstream and downstream 
ends of the pond. By having gauges at each end, average water surface elevation can be 
determined. Each recorder should be referenced to water surface elevation so that 
depths of water in the pond can be compared with design or operating depth. A check 
on the recorder may be made when the pond water surface is absolutely still so that the 
water surface elevation can be calibrated with the recorder. 
Evaporation pans and rain gauges are not usually necessary; however, if evaporation is 
significant in a pond with a low loss rate, an evaporation pan should be installed or may 
be obtained from a nearby weather station representative of the test site. 
A survey to establish the as-built shape and length of the pond is usually required. From 
the survey of the pond, the water surface width according to elevation and wetted 
perimeter according to elevation are established and volumes of water losses are 
calculated. 
 
 
Photograph  2.1. Existing check structures like the one shown here can be used to pond water in 
isolated channel sections. 
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2.3.3 Inflow-outflow tests 
The inflow-outflow method consists of performing both upstream and downstream 
discharge measurements, as well as time series of depth measurements and compares 
the values obtained in those channel sections. The main advantage of this approach is 
losses are measured under the normal operating conditions of the channel. The major 
disadvantage of this method is the need for a large number of very accurate flow 
measurements over time and the impossibility to identify localised losses (Pognant et 
al., 2013). 
When considering the accuracy of the measurements, Fairweather et al. (2009) 
recommended that after identifying the boundaries of the channel sections and delivery 
system and the time-frame for the test, the confidence that can be placed in them should 
be reported. In some cases, the error in the measurement of the inflow-outflow test may 
be many times greater than the magnitude of the seepage loss. This means that there is a 
larger opportunity for error in the inflow-outflow technique unless the operator is very 
confident that the measurements are very accurate for the duration of the test.  
 
2.3.4 Geophysical methods 
Seepage loss depends on soil properties. One method that used for decades for mapping 
soil properties is Electromagnetic Induction (EM). EM is fast and user friendly, easy for 
field applications and not excessively expensive (Pognant et al., 2013). EM devices 
work on the theory that within an electromagnetic field any conductive object carries a 
current. The instrument measures the soil apparent Electrical Conductivity. Each 
instrument has two coils (a transmitter and a receiver) that are placed at either a fixed or 
variable distance apart. EM does not provide quantitative seepage rates and the data 
collected by the devices must be interpreted based on the apparent Electrical 
Conductivity of the soil, hence, the same Electrical Conductivity may have different 
seepage rates. 
The instrument induces an electrical current into the soil, with depth penetration 
determined by the separation of the coils and the frequency of the current. Electrical 
Conductivity is affected by the soil’s salt content and type, clay content and type, 
mineralogy, depth to bedrock, soil water content, organic matter and exposure. The 
depths reached by the signal will be determined by the uniformity of the soil. If the soil 
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is very conductive near the surface then the signal will be dissipated and will not go 
deeper (Pognant et al., 2013). Ideally, replicate EM electrical conductivity 
measurements are performed while the channel is operating during a permanent flow in 
steady operating conditions. 
 
2.3.5  Summary of testing methods and method selected for the study 
Based on the availability of the suitable short sections of isolated channel in the SGIA, 
equipment and time resources available the ponding test method was selected to 
measure seepage losses. 
Due to the limited time resources and inaccurate inflow/outflow measurements available 
during the study period the seepage meter method, the inflow/outflow test and the EM 
method presented major impediments. 
The major disadvantage with the seepage meter method was the labour-intensive nature 
and inability to quantify distributed seepage losses along the length of the canal. 
Similarly, the inflow-outflow and geophysical methods required access to a large 
number of very accurate measurements over time.  
The ponding method was the preferred method cited by the Channel Seepage 
Management Tool and Best Practice Guidelines for identifying and measuring seepage 
in channel network published by the Australian Government (ANCID, 2003). More 
recently, the Commonwealth Scientific and Industrial Research Organisation (CSIRO, 
2008) published the Technical Manual for Assessing Hotspots in Channel and Piped 
Irrigation Systems that recommended that the best application for defining water loss 
hotspots was a seepage meter, whereas, the pondage test was considered the most 
accurate method for assessing channel seepage. 
Many sources (Moavenshahidi et al., 2014, Sonnichsen, 1993, United States 
Department of the Interior, 1968) cited ponding tests are acknowledged as the most 
accurate direct method for seepage measurement in irrigation channels for relatively 
short sections of channel because of the substantial improvement in the accuracy of the 
seepage estimate. However, the method involved a considerable cost and disruption to 
the operation of the channel, unless used only at the end of the irrigation season.   
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2.4 Methods to reduce seepage loss 
The two most common solutions reported for reducing seepage were lining channels or 
replacing them with pipes Burt (2008), however, these solutions are expensive. Lining 
channels was not the only method to reduce seepage found during the literature review.  
Typical linings included compacted earth, concrete, plastic membrane, and plastic pipe 
(Sonnichsen, 1993). Other methods to reduce seepage included, changing the design 
geometry of the channels to reduce the wetted perimeter, compatible soil compaction 
techniques during construction and lining of channels with inactive materials.  Burt 
(2008) reported in-situ compaction for sandy loam soils in California with vibratory 
roller reduced seepage by 89 per cent when both sides and bottom were compacted; and 
cited the ANCID (2001) Open Channel Seepage and Control, Vol. 2.1 as the best source 
for information on earth lining of channels. 
The different lining methods reduced seepage but losses even under ideal operating 
conditions were not eliminated unless the earthen channel was replaced by a closed pipe 
system. Figure 2.6 shows the summary of the review of various seepage rates and lining 
treatments. 
- Compacted earth lining was reported to reduce seepage to below 0.002 md-1 with 
an expected design life of 20 years  (Kraatz, 1977, Sonnichsen, 1993) 
- Unreinforced concrete linings of 0.076 m thickness were reported to reduce 
seepage to 0.009 md-1 when new; with a life span of 50 years. 
 
Sonnichsen cited findings by Worstell (1976) where channel seepage rates for broad 
soil textural groups were evaluated by analysing results of 765 tests made in the western 
United States where seepage rates varied between 0.006 md-1 and 0.060 md-1.  
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Figure 2.6. Seepage rates for typical linings (Sonnichsen, 1993). 
 
Figure 2.6 illustrates the relationship between hydraulic conductivity and the effect of 
difference channel linings, seepage and soil properties described earlier in Chapter 2. 
The measurements in Figure 2.6 are reported in US Customary Units of feet per day, 0.1 
and 1 ftd-1 correspond to 0.00305 md-1 and 0.0305 md-1. For example, large soil particle 
sizes, such as gravels, have a greater pore space in the soil matrix and conduct water 
better (1.22 md-1) than smaller soil particles such as a clay loam (0.107 md-1). The 
seepage rates for typical linings demonstrates that as the pore space in the lining 
becomes smaller that there will be less seepage. 
In 1973, a three year study on factors contributing to natural sealing of irrigation 
channels was published by the Water Resources Research Institute, University of Idaho 
(Brockway, 1973). Brockway evaluated the effect of sedimentation, microbiological 
activity and soil-water chemical reactions on the hydraulic conductivity of soils, 
particularly, in the Portneuf silt-loam soil of southern Idaho.  
According to Brockway (1973) earthen channels developed a natural lining with age. 
The investigation of this ageing process identified two components, the depositions of 
mineral colloids in a natural lining and biological activity within the lining. When well 
developed, this natural lining effectively controlled the rate of seepage, that is, the 
seepage rate was independent of the subsoil hydraulic conductivity. Brockway 
concluded the long-term reduction in seepage rates of channels constructed in silt-loam 
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soils was due to the formation of an impeding layer on the channel bottom due primarily 
to sedimentation. 
Later in 1982, the evidence measured in Australia by Smith also suggested that the 
natural ageing of earthen channels resulted in a reduction in seepage to a value 
comparable with that achieved by constructed linings (e.g. plastic, clay, concrete). 
Smith suggested artificial linings that complement (and perhaps even accelerated) the 
natural sealing process achieved the most economical result.  
All of the studies reviewed recommended that prior to any channel remediation works 
the benefits of the capital cost of construction must be considered. For example, a 
remediation technique may have a cheap capital cost, but it may need replacing every 
year, and an alternative option may be expensive but have a 50-year life.  
The calculation of remediation cost depends on the rate of seepage identified, the water 
savings estimated by replacing the channel lining/construction and the cost to mobilise 
plant, equipment and materials to site. While there are some costs published in the 
literature, they are not easily applied to all channel remediation works in different 
locations, however, ANCID (2004a) published a manual to evaluate channel 
remediation works which takes these and other factors into consideration. 
 
2.5 Conclusion 
The SGIA is a key cotton production area located in southwest Queensland. The 
economy of the St George district (in the Balonne shire) relies heavily on agricultural 
production. Rainfall in the study area is summer dominant and average annual rainfall is 
517 mm. Water for irrigation to supplement rainfall is supplied by a channel system 
(part of the St George Water Supply Scheme) to irrigate approximately 9000 hectares of 
cotton and horticulture in the SGIA. The key issue facing the SGIA is meeting the 
future demand for food and fibre with potentially less water available.  
The channel system delivers water stored in the Beardmore Dam to farms in the SGIA 
using approximately 99 km of compacted earthen channels. The estimated efficiency of 
the system is between 76 per cent and 95 per cent of water released from the dam. The 
performance of the system is reduced by water losses. The main water losses in the 
channel system are due to evaporation and seepage losses; other losses may include 
overflows and theft. A loss factor of 1.15 is used to estimate losses. 
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There are currently no published estimates of seepage losses in irrigation systems in 
southwest Queensland. Therefore, improving water loss estimates, such as seepage 
losses, should be studied to better understand the overall contribution of water losses 
within the SGIA distribution system. The lack of the known seepage losses limits the 
ability to estimate improved delivery strategies. This chapter reviewed other seepage 
losses studied in Australia and overseas. 
The seepage rate is controlled mainly by the effective hydraulic conductivity of the 
underlying base material. Seepage loss rates studied in Australian channel systems vary 
between 0.002 md-1 and 0.088 md-1. 
There are four main methods to measure seepages losses. The ponding test was used for 
recommended as the most accurate method. 
Natural sealing of earthen irrigation channels may occur due to sedimentation, 
microbiological activity and soil-water chemical reaction on the hydraulic conductivity 
of soils with age. Once the seepage rate is determined, the two main methods to reduce 
seepages losses are lining channels or replacing them with pipes. All of the other 
seepage loss studies reviewed concluded that seepage losses reduce the efficiency of 
water distribution; however, the cost benefit of reducing seepage losses (Section 2.4) 
can be prohibitive. 
Chapter 3 follows to discuss the available techniques in relation to the experimental 
techniques and equipment used to measure seepage losses in this study. 
30 
Chapter 3 Experimental techniques and equipment 
The aim of the study was to directly measure seepage losses in the channel system that 
supplied the SGIA. This chapter describes the design of the measurement sites and how 
water depths were measured during the ponding tests. 
The objective of the experimental design was to minimise the equipment housing space 
requirements and to maintain safe access to the instruments while producing the most 
accurate results possible. 
 
3.1 Introduction 
This section describes the characteristics of the soil and vegetation located at each site 
and the site selection process. 
The site selection began in November 2014. The initial criteria used to select the sites 
were remnant vegetation and high channel supply capacity. The secondary selection 
reviewed the field observations during the initial inspection and compared the detailed 
QWRC soil mapping compiled during the original investigation of the SGIA in the 
1950s. The final criteria identified a length of channel between two check structures to 
isolate a ponded length during shutdown periods. 
The measurement sites were installed during two field trips between December 2014 
and January 2015. 
The sites were located within 20 km of the St George Airport weather station 043109, 
(Bureau of Meteorology) site which published daily measured rainfall and 
evapotranspiration derived from automatic weather station records. 
 
3.2 Measurement sites 
The three sites were: 
- Site 1: St George Main Channel 
- Site 2: Buckinbah B2 Channel 
- Site 3: Buckinbah B2/2 Channel. 
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The first site was Site 1 on the St George Main Channel, located between Beeson Road 
and Johnston Road in the northwest section of the original SGIA development (Figure 
3.1). The channel was first constructed of compacted earth, circa 1952  and 
approximately 3 km of the channel was relined with clay in 1998 (DNR, 1998). This 
channel is the trunk of the western distribution system with the capacity to supply 146 
MLd-1. There were two measurement sites installed in the channel. The As Built 
Drawing for Site 1 are shown in the Appendix C. 
 
 
Figure 3.1. Site 1 was located on the St George Main Channel (GDA94 S 28.058725° E 148.577346°) 
to the east of Beeson Road (Google Earth, 2015). 
 
The second site was the Buckinbah B2 channel and the third site was the offtake from 
the Buckinbah B2 Channel to the Buckinbah B2/2 channel located south of the St 
George Cotton Gin on the eastern side of the Carnarvon Highway (Figure 3.2). In 1972, 
the channel was constructed of compacted earth during the extension of the SGIA. This 
is one of the offtake channel systems at the end of the distribution network with the 
capacity to supply 146.8 MLd-1 (B2 Channel) and 29.4 MLd-1 (B2/2 Channel); 
respectively. The As Built Drawings for Site 2 and Site 3 are shown in Appendix C. 
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Figure 3.2. Site 2 and Site 3 were located east of the intersection between McDonald Road and 
Carnarvon Highway on the Buckinbah B2 Channel (GDA94 S 28.168073° E 148.726985°) and 
Buckinbah B2/2 Channel offtakes (GDA94 S 28.168295° E 148.727715°); respectively (Google 
Earth, 2015). 
 
All of the measurement sites were located in trapezoidal channel sections as shown in 
the Type Cross Section Figure 3.3. The hydraulic properties of the channels are in Table 
3.1.  
 
 
Figure 3.3. The measurement sites were located in trapezoidal channels (Irrigation and Water 
Supply Commission Queensland, 1972a). 
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Table 3.1. Hydraulic properties for each site (DNR, 1998, Irrigation and Water Supply Commission 
Queensland, 1972a, Irrigation and Water Supply Commission Queensland, 1972b). 
Channel Chainage 
[m] 
Capacity 
[cumecs] 
Bed Width (B) 
[m] 
Water Depth (d) 
[m] 
Total Depth of Channel 
(D) - [m] 
Site 1 547 - 3550 1.60 3.0 1.2 1.7 
Site 2 8868 – 
10753 
1.70 5.5 0.8 1.3 
Site 3 0 – 1393 0.34 5.5 1.1 1.5 
 
3.2.1 Site 1: St George Main Channel 
Site 1, the St George Main Channel was a clay lined earth channel. The design drawing 
indicated the thickness of the clay lining was 0.4 m. The water in the St George Main 
Channel is accessed by horticultural farmers (i.e. grapes, onions) a Lucerne grower and 
domestic water users.  
The soil properties of the channel material were determined by reviewing remnant 
vegetation and the available soil mapping. The predominant Australian Soil 
Classification Soil Orders are Sodosols and Tenosols. The CSIRO cited the length of 
the St George Main Channel was constructed in sandy or loamy duplex soils; deep 
cracking clays (Woodward, 1974). 
Tenosols generally have a low fertility and low water-holding capacity. Tenosols are 
poorly developed which typically means that they are very sandy without obvious 
horizons but widespread throughout Australia and can be shallow and stony. Generally, 
Tenosols have a very low agricultural potential and low water-holding capacity (Gray 
and Murphy, 2002). 
Sodosols are texture-contrast soils with impermeable subsoils due to the concentration 
of sodium (Figure 3.4). These soils occupy a large area of inland Queensland. Generally 
Sodosols have a low-nutrient status and are very vulnerable to erosion and dryland 
salinity when vegetation is removed (Queensland Government, 2013). The parent 
material for the Sodosol is fine sandy and clayey alluvium with a hard setting surface. 
The typical land use for Sodosols is grazing of native pastures with some cropping in 
better rainfall areas. The A horizon texture-contrast soil is strongly sodic and not 
strongly acid in the upper 0.2 m of the red clayey B horizon (CSIRO, 2013a). Generally, 
Sodosols have very low agricultural potential with poor structure and low permeability 
(Gray and Murphy, 2002). 
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Figure 3.4. The typical remnant vegetation cover on a sodosol shown here in profile is the tall 
poplar box woodland (CSIRO, 2013a). 
 
The remnant vegetation cover nearby Site 1 was sparse open forest of Poplar box 
(Figure 3.4) (Eucalptus populnea) woodland on Cainozoic alluvial plains, this 
ecosystem was extensively cleared or modified by grazing (DEHP, 2015, DSITIA, 
2015). Poplar box subsoils are usually a heavy impermeable clay, with surface soils 
ranging from light loamy sand in the west of Queensland increasing in texture to clays 
in the east of the state (Anderson, 2003). 
During the initial inspection of Site 1 (Figure 3.1) the field observations made were:  
- Starting at the intersection of the channel at Beeson Road the first check 
structure on the western side of the road was located at [GDA94 S 28.058792°, 
E 148.577186°] – the water in the channel was syphoned underneath the road. 
The bordering land was grazed for approximately the first kilometre. Next, the 
water in the channel was syphoned under the Commissioners Point Road. After 
the Commissioners Point Road syphon, the land adjacent to the channel was drip 
irrigation of cotton and onions (the drip irrigation was most likely due to the 
sandy soil). The ponded section (Photograph  3.1) finished at the Johnston Road 
check structure located at [GDA94 S 28.062296°, E 148.606482°]. No 
observations were made of noticeably wet or sodden ground adjacent to the 
channel. The soil type on the access track was noticeably smaller clay particles 
and with a small amount of water ribboned well indicating a good clay content 
in the sample.  
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Photograph  3.1. The Johnstone Road check structure showing a number of domestic pump inlets 
which may influence the daily estimated seepage rate (GDA94 S 28.062296°, E 148.606482°). 
 
3.2.2 Site2: Buckinbah B2 Channel and Site 3: Buckinbah B2/2 Channel 
Site 2, the Buckinbah B2 Channel and Site 3, the Buckinbah B2/2 Channel were located 
within 100 m of each other. Site 3, the Buckinbah B2/2 Channel was a small offtake 
channel gated from Site 2, the Buckinbah B2 Channel. The main difference between the 
two sites was the capacity of each channel and the number of customers supplied by 
each channel. There are no physical differences in the construction method of the 
channel or the soil properties. 
The channel at Site 2 was constructed using compacted earth. The channel was located 
near the end of the distribution system and supplied a limited number of customers. The 
predominant Australian Soil Classification Soil Orders were Vertosols, Tenosols and 
Sodosols.  
The characteristics of Tenosols and Sodosols were described in the previous section. 
Vertosols are the most common soils in Queensland with very high-soil fertility and 
large water-holding capacity (Queensland Government, 2013). The Vertosol is a red 
shrink-swell, cracking clay soil that is self-mulching, calcareous in the upper part of the 
solum and is strongly acid and strongly sodic at depth. The typical land use is a variety 
of dryland crops and grazing of native and improved pastures. The native vegetation 
near the channel was open forest of brigalow and belah (CSIRO, 2013b). 
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Detailed soil mapping was available for the Buckinbah expansion area where the Site 2 
and Site 3 channels were located. The channel crosses clay, then traverses 
approximately 900 m of deep sands vegetated by carbeen (Moreton Bay ash) trees, 400 
m of weakly solodized solonetz before returning to a further 1000 m of deep sands.  
 
 
Figure 3.5. The gilgaied landscape shown on the right of the Vertosol profile originally supported 
an open forest of brigalow (CSIRO, 2013b). 
 
The remnant vegetation cover was brigalow and belah and the ground layer of the 
remnants of this regional ecosystem was often extensively modified by grazing (DEHP, 
2015, DSITIA, 2015). The deep sand soils are noticeably vegetated by carbeen trees 
which prefer lower slopes, with alluvial, often sandy soils (Anderson, 2003).  
During the initial inspection of Site 2 and Site 3 (Figure 3.2) the field observations 
made were:  
- Starting near the intersection of Bundoran Road, the first check structure was a 
set of 4 x 60 MLd-1 gates (Photograph  3.2) located at [GDA94 S 28.152885°, E 
148.772466°], the adjacent land was grazed and noticeably populated by carbeen 
trees on sandy soils. The terminating check structure) was located at the 
intersection of McDonald Road with an unnamed road [GDA94 S 28.180524°, E 
148.692948°]. The soil type on the access track was noticeably median course 
sandy particles and with a small field sample did not ribbon well indicating a 
lower clay content. 
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- The secondary site (Site 3) was the offtake from the B2 channel to the B2/2 
channel [GDA94 S 28.167996°, E 148.727262°], which traversed weakly 
solodized solonetz soil for 1400 m before terminating. The land adjacent to the 
eastern side of the channel was grazed pasture and the western side was 
developed furrow irrigation. The northeast section of the cotton field was 
noticeably fallow and the soil perimeter either was wetted by drainage or poorly 
drained soils. The B2/2 channel terminated (Photograph  3.3) at [GDA94 S 
28.177834°, E 148.735402°]. 
 
 
Photograph  3.2. The check structure at the beginning of the B2 (Site 2) channel section (GDA94 S 
28.152885°, E 148.772466°). 
 
 
Photograph  3.3. The check structure terminating the ponded length of the B2/2 (Site 3) channel 
(GDA S 28.177834°, E 148.735402°). 
  
38 
3.3  Instruments used for the field measurements 
This section describes the design of the field measurement sites and the field 
installation. Two different sensors were used during the study. The sensors were 
manufactured by Onset and Schlumberger. 
The DNRM provided 3 x Schlumberger Mini-Diver/Baro (Model DI510) Groundwater 
Data Loggers and 1 x Onset HOBO Water Level Logger (Model U20L-04) and the 
NCEA at USQ provided 2 x onset HOBO Water Level Loggers (Model U20-001-04). 
The specifications for the instruments are included in Table 3.2 and Table 3.3. 
 
Table 3.2. Summary of absolute pressure sensor parameters used at each site for the field 
measurements. 
Specification Site 1 (A) Site 1 (B) Site 2 Site 3 
Manufacturer Schlumberger Schlumberger Onset Onset 
Product Mini-Diver Mini-Diver 
HOBO Water 
Level Logger 
HOBO Water Level 
Logger 
Model DI501 -10 m DI501 -10 m U20-001-04 U20-001-04 
Maximum Depth, 
m 10 10 4 4 
Temperature 
Range, °C 0 to 50 0 to 50 -20 to 40 -20 to 40 
Water Level 
Accuracy, m ±0.005 ±0.005 ±0.003 ±0.003 
Resolution, m 0.002 0.002 0.001 0.001 
Software Diver-Office Diver-Office HOBOware Pro® HOBOware Pro® 
Serial Number R7471 S2220 10610187 10610186 
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Table 3.3. Summary of the absolute pressure sensor parameters used for the barometric pressure 
measurements. 
Specification Site 1 Site 3 
Manufacturer Schlumberger Onset 
Product Baro-Diver HOBO Water Level Logger 
Model DI 500 U20L-04 
Maximum Depth, m 1.5 4 
Temperature Range, °C -10 to 50 -20 to 50 
Water Level Accuracy, m ±0.005 ±0.1% FS 
Resolution, m 0.001 0.001 
Software Diver-Office HOBOware Pro® 
Serial Number S4714 10662733 
 
The site installation materials are shown in Photograph  3.4. 
 
 
Photograph  3.4. The field installation of the pressure transducers was completed using hand tools 
and readily available materials. 
 
Photograph 3.5 and Photograph 3.6 show the final Site 1 installations located on the St 
George Main Channel. A swivel clamp bolted to the steel conduit anchored the conduit 
(placed over a star picket) to the embankment. The 40 mm steel tube was sloped down 
the embankment so the pressure transducer was located near the deepest part of the 
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channel at the toe of the internal batter. The pressure transducer was secured to a length 
of smaller PVC conduit and inserted in the steel conduit/access tube. 
 
 
Photograph 3.5. Site 1 at Beeson Road on the St George Main Channel (GDA94 S 28.058725° E 
148.577346°). 
 
 
Photograph 3.6. Site 2 at Blenheim Farms on the St George Main Channel (GDA94 S 28.060413° E 
148.591639°) at Blenheim Farms. 
 
Photograph  3.7 and Photograph  3.8 show the final Site 2 and Site 3 installations 
located on the Buckinbah B2 Channel and the Buckinbah B2/2 Channel. 
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Photograph  3.7. Site 2 on the Buckinbah B2 Channel (GDA94 S 28.168073° E 148.726985°).  
 
 
Photograph  3.8. Site 3 on the Buckinbah B2/2 Channel (GDA94 S 28.168295° E 148.727715°). 
 
3.3.1 Selection of field instruments 
The review of seepage measurements in other Australian irrigation distribution systems 
(Chapter 2) using the ponding test determined that the expected daily seepage rate 
would be between 0.000 md-1 and 0.035 md-1. This meant that the instruments used to 
measure the drop of the free water surface were required to measure a minimum of a 1 
mm resolution. 
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3.3.1.1  Types of field sensors available to measure water pressure head 
Electrical pressure sensors designed to be immersed in water (submersible pressure 
transducers) have been used by ground-water scientists since the early 1960s – and are 
also used to monitor surface water elevations (Freeman et al. (2004) cited Shuter and 
Johnson (1961); Garber and Koopman (1968)). The pressure sensing devices 
(transducers) are typically installed at a fixed depth and sense the change in pressure 
against a membrane. Pressure changes occur in response to changes in the height, and 
thus in weight of the water column above the transducer. The sensor records time-series 
data to an electronic data logger. 
There are two types of pressure transducers widely available on the market to measure 
water pressure – the absolute pressure transducer and the differential pressure 
transducer.  
The selection of a pressure transducer requires careful review of the literature from 
prospective vendors. Comparing instrument specifications is a difficult and time-
consuming process. Vendors commonly specify difference sets of parameters and, 
typically, it is not clear which definitions are being applied to properly interpret a stated 
specification (Freeman et al. (2004)).  
The first commonly used type of pressure transducer is the differential pressure 
transducer. Differential pressure transducers are capable of readings that are more 
accurate because the sensor is built with a lower measurement range and high 
resolution. The differential pressure transducer measures with respect to a varying 
pressure reference such as ambient atmospheric pressure or some other pressure source 
that varies independently of the primary measurement. The output of the differential 
pressure transducer is proportional to the pressure difference between the two 
independent sources (Freeman et al., 2004). The differential pressure transducer is 
connected to an external power source and data logger by a length of cable to vent the 
pressure transducer to the ambient atmosphere (or can be located at the sensor). This 
type of pressure transducer requires calibration of the pressure recorded by the 
instrument to allow for the drop in voltage across the length of the power cable and the 
difference in pressure along the length of the venting cable to calculate the pressure. 
These transducers are prone to failure induced by water leakage, condensation or 
voltage surges but this can be overcome by using desiccants to reduce water 
condensation in the vent tube over long-term installations. 
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The second commonly used type of pressure transducer is the absolute pressure 
transducer.  The absolute pressure sensor measures the water pressure, as well as, the air 
pressure pushing on the water surface – so, if the air pressure varies, the measured water 
pressure will also vary, without having to vary the water level (Schlumberger Water 
Services, 2014). Absolute pressure is measured in reference to a vacuum or zero 
pressure – (pressure at sea level is 101.3 kPa) and pressures measured by an absolute 
pressure transducer are always positive because these devices are referenced to a perfect 
vacuum in which absolute pressure is zero (Dunn, 2010). 
The main advantage of the absolute pressure transducer over the differential pressure 
transducer is that it is an all-in-one unit, which includes a power supply housed with the 
pressure membrane and data logger, so additional field equipment and calibration is 
reduced, e.g. wiring and placement of power supply, cabling and housing. The main 
disadvantage of the absolute pressure transducer is that the membrane can be more 
sensitive to temperature changes and the pressure value recorded includes the 
atmospheric pressure acting on the sensor. A second pressure transducer measuring the 
atmospheric pressure must be used to calculate the water pressure head and this value is 
subtracted from the absolute pressure reading – which introduces a potential instrument 
error in the final pressure calculation. 
Although two field measurement units are required to measure water pressure with the 
absolute pressure sensor it can be programmed by the user to return a raw pressure 
value which is already calibrated by the vendor. The absolute pressure sensor requires 
smaller housing in the field and is easily deployed because no auxiliary power supplies 
are required. 
The second pressure transducer used to measure the on-site barometric pressure is used 
to compensate for the difference in the absolute water pressure with the barometric 
pressure. These transducers are also not prone to failure induced by water leakage or 
voltage surges, as they are a completely sealed unit. 
The absolute pressure transducer was selected for this study to measure the water 
pressure and temperature of the water during the ponding tests based on availability and 
ease of deployment. 
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3.3.1.2  Minimum measurement parameters and accuracy of the field 
measurements 
This study used two measurements to estimate the daily seepage rate at three sites. 
The first source of measurement was the pressure sensor measuring the water level in 
the channel. The second source of measurement was the daily evapotranspiration and 
daily rainfall collated by the BoM automated weather station located at the St George 
Airport. 
The accuracy of the water level measurement was limited to the smallest resolution of 
the pressure sensor shown previously in Table 3.2. The resolution of the pressure 
sensors were: 
- Site 1: St George Main Channel at the Beeson Road sites - 0.002 m 
- Site 2: Buckinbah B2 Channel - 0.001 m 
- Site 3: Buckinbah B2/2 Channel - 0.001 m. 
 
The accuracy of the daily evapotranspiration and daily rainfall reported by the BoM was 
five significant figures, e.g. 0.0048 m. The daily evapotranspiration data was more 
readily available than pan evaporation data and the evapotranspiration data was used in 
place of evaporation data (discussed later in Chapter 4). Evaporation is spatially less 
variable than rainfall and so the 20 km distance between the field installations and the St 
George Airport provided adequate accuracy. 
 
3.3.1.3 Field installation and deployment of the pressure sensors 
The pressure sensors measured the change of the water depth in the water supply 
channel and were housed inside a steel conduit and anchored to the channel 
embankment (Photograph 3.5). The steel conduit acted as a stilling well to protect the 
logger from vibration, shock and movement, including current, wave action and debris 
as recommended by the manufacturer product manual. 
Where possible, the installation located the pressure sensors as near as possible to the 
deepest part of the channel, i.e. the bed of the channel at the toe of the internal channel 
embankment so that the logger reading could be calibrated by manual measurement. 
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The pressure sensor was secured to a length of small diameter PVC conduit and inserted 
in the larger diameter steel conduit. A concrete plate was placed under the toe of the 
steel conduit to reduce the distance the conduit settled into the silted channel during the 
installation. 
This installation configuration improved safe access to the pressure sensor as the 
operator could stand on the bank of the channel to access the pressure sensor without 
entering the water body. The main advantage was the elimination of the hazard of a 
person entering the water to recover the instrument from the channel. It also allowed for 
careful placement of the sensor and protected the instrument from shock. 
The manufacturer recommended the sensor was oriented in the vertical, however, in this 
study the steel conduit was anchored down a sloped bank, leaving the transducer 
oriented out of vertical on the diagonal. Therefore, to reduce the drift (potentially 
caused by the rise and fall in of the water in the steel conduit) of the reference datum for 
the membrane housed inside the pressure sensor it was secured to a length of PVC 
conduit inserted inside the steel conduit. The manufacturer of the Onset HOBO logger 
advised the device would work equally well horizontally or vertically provided the 
pressure pore was not impeded (Onset, 2015). 
The reference water level recorded by the pressure sensor was calibrated by an 
independent manual measurement of the water level in the channel following each 
deployment. 
To achieve the best level of accuracy from the pressure sensors, the HOBO product 
manual recommended sudden temperature change should be avoided and some 
consideration should be made to minimise the rate of temperature fluctuations. Ideally, 
the barometric pressure reference logger should be hung several feet below ground level 
in an observation well where ground temperatures are stable or if this is not possible, to 
put the logger in a location where it will not be subject to rapid daily temperature 
cycles.  
In this study, the pressure sensors were housed in steel tubing, which absorbed and 
released the heat caused by temperature fluctuations. The data recorded has been 
analysed carefully to account for this known environmental factor (as discussed in 
Chapter 4). 
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3.4 Seepage calculation 
This section details the ponding test procedure previously introduced in section 2.3.2. 
The principle measurement method used in this study was the ponding test. The 
ponding test used a water balance to determine seepage losses in an isolated reach of a 
channel. The ponded length of channel was isolated using existing check structures. 
Seepage losses constitute the drop in water level over time in the pond after accounting 
for evaporation, rainfall and any other inflows or outflows. As the water level in the 
ponded channel section dropped, the pressure sensor measured the water level. The time 
between measurements was set to hourly increments during the logger setup. Daily 
rainfall and evapotranspiration data was collected by the nearby BoM automated 
weather station located at the St George Airport, and the resulting seepage loss rate was 
computed (using the equation introduced later in section 3.4.3).  
 
3.4.1 Channel geometry used to estimate the volumetric losses 
The As Built Drawings (DNR, 1998, Irrigation and Water Supply Commission 
Queensland, 1972a, Irrigation and Water Supply Commission Queensland, 1972b) 
(Appendix C) of the longitudinal cross sections of Site 1: St George Main Channel, Site 
2: Buckinbah B2 Channel and Site 3: Buckinbah B2/2 Channel were used to calculate 
the channel capacity and geometric relationships for each channel section.  
The operating depth was used to calculate the surface area of the water body in the 
channel and the area of the wetted perimeter of the channel below the water surface. 
The calculated surface areas at the operating depth were used to estimate the daily 
volume of water losses in the channel to seepage. 
 
3.4.2 Monitoring parameters during the test 
The three parameters monitored during the ponding test were the water level, 
evapotranspiration and the rainfall. 
The Best Practice Guidelines for Channel Seepage Identification and Measurement by 
SKM (2003) recommended that water level, evapotranspiration and rainfall should be 
taken daily. To increase the available data and monitor instrument error the water levels 
were recorded hourly. The Bureau of Meteorology reported evapotranspiration on a 
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daily time step between 0000 hours and 2400 hours and rainfall was reported on a 24 
hour time step between 0900 hours and 0900 hours. 
The field measurements sites were visited in December 2014, January 2015, February 
2015, April 2015 and June 2015 to check the sites for any unexpected disturbance and 
download the interim and final water level data. The interim data was checked to ensure 
the sensors were operating as planned.  
 
3.4.3 Seepage equations used to analyse the water level field measurements 
Two measurements were required to calculate the daily seepage losses: 
1. The daily change in the water level in the ponded channel section 
2. The daily evapotranspiration at the site. 
 
The basic equation shown in Eqn. 1 (SKM, 2003), can be used to estimate the seepage 
losses for the ponding test method. Frevert and Ribbens (1988) modified the equation to 
allow for rainfall and evaporation. Figure 3.6 graphically displays the components of 
the equation. 
 
 
𝑆 =
𝑊𝐿[(𝑑1 − 𝑑2) − 𝐸 + 𝑅]
𝑃𝐿(𝑡2 − 𝑡1)
 Eqn. [1] 
 
The basic equation (Eqn. 1) was simplified by excluding periods of data from the 
seepage calculations when there was flow in or out of the channel. This simplification 
reduced the measurement of inflow combined with estimates of the volume contributed 
to the ponded channel length. 
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The simplified equation, used to calculate the seepage losses is given by: 
 
 
𝑆 =
𝑊𝐿[(𝑑1 − 𝑑2) − 𝐸]
𝑃𝐿(𝑡2 − 𝑡1)
 Eqn. [2] 
 
where, S = Seepage rate [volume/area/time], W = Average surface width between t1 and 
t2 [length], d1 = Water level at t1 [length], d2= Water level at t2 [length], E= Evaporation 
along reach between t1 and t2 [length], R = Rainfall along reach between t1 and t2 
[length], I = Inflow along reach between t1 and t2 [volume], P = Averaged wetted 
perimeter between t1 and t2 [length], t1 = Time at first measurement of water levels 
[time], t2= Time at subsequent measurement of water levels [time]. 
 
 
Figure 3.6. Components of pondage test water balance per Eqn. 2 (SKM, 2003). 
 
3.5 Conclusion 
The aim of the study was to directly measure seepage losses in the SGIA. The ponding 
test was the experimental technique used to measure water depths at three sites. The 
seepage losses at each site were estimated by a simplified equation (Eqn. 2).  
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The measurement sites were selected due to supply capacity, soil types and channel 
construction methods. Site 1: (The St George Main Channel) was a clay lined channel 
constructed in low water-holding capacity soils. Site 2: (Buckinbah B2 Channel) and 
Site 3: (Buckinbah B2/2 Channel) were constructed using compacted earth in sandy 
soils. 
The water depths in the isolated channel sections were measured using absolute pressure 
sensors housed in stilling wells. The ponded length of channel was isolated using 
existing check structures. The channels were in operation during the ponding tests. 
Chapter 4 follows to present and discuss the results of the ponding tests. 
  
50 
Chapter 4 Experimental results and discussion 
This chapter presents the results of the water depth data collected using the techniques 
and equipment described in Chapter 3. The water depth data and evapotranspiration data 
were collected to measure the seepage losses described in Chapter 1. 
The aim of the study was to develop an estimate of seepage loss in the SGIA by 
interpreting the daily water level data measured using the ponding test. Where seepage 
losses were identified the results were compared against the results of the other studies 
of seepage losses (Table 2.4).  
Chapter 2 reviewed Australian studies of seepage loss and the estimates for a variety of 
soils and channel linings were between 0.000 md-1 and 0.070 md-1. The predicted 
seepage losses for the study area were between 0.000 md-1 and 0.015 md-1.  
The analysis presented demonstrates the potential for improving the water level 
measurement technique (outlined in Chapter 3) used during the ponding test.  
The data trends were processed using the steps shown in Figure 4.1. 
 
Figure 4.1. The seepage losses were estimated using data that suggested the falling water depth was 
due to seepage alone. 
 
4.1 Experimental measurement 
Two measurements were collected to estimate the daily seepage losses: 
1. The daily water head in the ponded channel section 
2. The daily rainfall and evapotranspiration measured by the automated weather 
station located at the St George Airport. 
 
The pressure sensors described in Chapter 3 were used to measure the water head 
(depth) in the channel at three sites. The HOBOware software and Schlumberger Diver 
Water Head Data 
Trend 
Analyse 
Daily Depth 
Trend 
Estimate 
Seepage 
Loss 
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Office software was used to post process the pressure data. The post processing 
converted the absolute pressure in the channel to metres of water (mH2O) as described 
in Eqn. 3.  
The daily rainfall and daily evapotranspiration was recorded by the BoM automated 
weather station located at the St George Airport. The rainfall and evapotranspiration 
data correlating with the duration of the ponding test was downloaded from the Bureau 
of Meteorology website. 
 
4.2 Water head data 
This section describes the analysis of the pressure data. 
The absolute pressure data measured by the pressure sensor was converted to metres of 
water (water head) in the channel by the post-processing software. The post-processing 
compensated the absolute pressure with the measured barometric pressure. The equation 
for the post processed water head was: 
 
𝑚𝐻2𝑂 = (𝑃𝑎𝑏𝑠 − 𝑃𝑏𝑎𝑟𝑜) × 0.101972 Eqn. [3] 
 
where, mH2O = water depth [m], Pabs, Pbaro = absolute pressure of the water column and 
barometric pressure [kPa]. 
Figure 4.2 shows the variation in the barometric pressure measured during April 2015 at 
Site 3. The range of the measured pressures was up to 2 kPa which is equivalent to 
approximately 0.2 mH2O. 
 
A sample of the absolute pressure data (water pressure) and the post processed water 
depth data recorded at Site 3 during April 2015 is shown in Figure 4.2 and the May 
2015 data is shown in Figure 4.3. The primary vertical axis shows the absolute pressure 
and barometric pressure. The secondary vertical axis shows the water depth. 
The R2 value for the trendline in Figure 4.2 shows the water depth varied more in April 
than it did in May. The data trend suggests the channel was in normal operation during 
April and was shutdown during May. The channel operator confirmed these 
observations. 
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Figure 4.2. The time series pressure data and water depth data at Site 3 [April 2015]. 
 
After it was confirmed that the channel was shutdown during May, the data was 
analysed on a smaller daily timestep to identify data that suggested the falling water 
depth trend was due to seepage losses. 
To explain how the trend in the water depth data related to seepage loss was identified 
during the data analysis the next section describes two data samples recorded over 
smaller 24 hour periods during April and May 2015. The data samples were recorded 
during: 
1. Sample 1: Normal channel operation 
2. Sample 2: Channel shutdown. 
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Figure 4.3. The time series pressure data and water depth data at Site 3 [May 2015]. 
 
4.2.1 Site 3: Sample data during normal channel operation 
The post-processed water head data for 11 April 2015 is used to illustrate the typical 
behaviour during channel shutdown where no inflows or outflows were occurring 
(Figure 4.4). The data was recorded during normal channel operation. The primary 
vertical axis shows the absolute pressure and barometric pressure. The secondary 
vertical axis shows the water depth. 
On 11 April 2015, the water depth started at 0.735 m at hour 1 and finished at 0.735 m 
at hour 24. There was a slight rise in the water depth that coincided with a slight rise in 
the barometric pressure at hour 10. A drop in the water depth followed the slight rise 
during the middle of the day and after hour 16 the water depth rose again.  
The expected trend in the post processed water head data was a smooth falling line over 
each 24 hour period.  As can be seen in Figure 4.4 the water depth did not fall smoothly 
over the 24 hour period. The trend line for the processed water depth was a poor fit with 
an R2 value of 0.0476. 
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Figure 4.4. The time series data and water depth data at Site 3 [11 April 2015]. 
 
As the channel was in normal operation on 11 April 2015 the poor trendline fit and 
fluctuation in the water depth data suggested there was water flowing into the ponded 
section to replace the water being pumped out of the channel. The net change of 0.000 
m in the water depth indicated that the inflow in the ponded section equalled the 
outflow over the 24 hour period. 
The type of water depth data trend identified on 11 April 2015 was discarded from the 
seepage loss analysis. 
 
4.2.2 Site 3: Sample data during channel shutdown 
The post-processed water head data for 25 May 2015 is used to illustrate the typical 
behaviour during channel shutdown where no inflows or outflows are occurring (Figure 
4.5). The data was recorded on 25 May 2015 during a channel shutdown period. The 
primary vertical axis shows the absolute pressure and barometric pressure. The 
secondary vertical axis shows the water depth. 
On 25 May 2015, the water depth started at 0.573 m at hour 1 and finished at 0.562 m at 
hour 24. There was a slight rise in the water depth at hour 10 which coincided with a 
R² = 0.0476 
0.720
0.725
0.730
0.735
0.740
98
99
100
101
102
103
104
105
106
107
108
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
W
at
er
 D
ep
th
 [m
] 
Pr
es
su
re
 [k
Pa
] 
Hour 
Logger Pressure Data and Water Depth 
B2/2 Channel [11 April 2015] 
Water Pressure Barometric Pressure Water Depth Linear (Water Depth)
55 
slight rise in the barometric pressure. The water depth continued to drop until hour 18 
when the water depth rose again. 
 
 
Figure 4.5. The time series pressure data and water depth data at Site 3 [25 May 2015]. 
 
The data shown in Figure 4.5 corresponded with the expected falling trend in the water 
depth but the line was not smooth as anticipated (it fluctuated). The trend line was a 
better fit than in Figure 4.4 with an R2 value of 0.5417. 
As the channel was shutdown on 25 May 2015 and the water depth fell the trendline fit 
suggested there was no water flowing into the ponded section. The data indicated the 
falling water depth was due to evaporation losses and seepage losses. The net change in 
the water depth for the 24 hour period was 0.011 m. 
The type of water depth trend identified on 25 May 2015 was included in the seepage 
loss analysis. 
The next section interprets the fluctuation in the post processed water depth data during 
the channel shutdown in May. 
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4.3 Fluctuations in the water depth data 
The post-processed water depth fluctuated during the channel shutdown (Figure 4.5). 
The data analysis suggested the three main causes for the water depth fluctuations could 
be attributed to: 
1. Instrument error 
2. Barometric compensation 
3. Random error. 
The next sections detail each of these potential errors. 
 
4.3.1 Instrument error 
This section describes the potential instrument error at Site 3 as recorded on 25 May 
2015. The water depth data for 25 May 2015 is shown in Figure 4.6. The vertical axis 
shows the water depth over the 24 hour period. The R2 value for the trendline is 0.5417. 
The water depth data recorded by the sensors was a time series recording on an hourly 
time step. When the channel was shutdown the pressure sensor theoretically replicated 
the water depth measurement 24 times under the same flow conditions. 
 
Figure 4.6. The water depth data at Site 3 [25 May 2015]. 
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The accuracy of the water depth data at Site 3 was ± 0.003 m. The resolution of the 
water depth data at Site 3 was 0.001 m. This meant that between each time step there 
was a potential instrument error of ± 0.003 m.  
When the channel was shutdown the daily water depth data in the channel was expected 
to drop by a depth of up to 0.015 m due to evaporation and seepage water losses. The 
hourly water depths are shown in Table 4.1. The data shows the water depth fluctuated 
between hourly measurements by up to 0.007 m which was greater than the potential 
instrument error (discussed later in section 4.3.2).  
The change in the water depth was within the potential instrument error of ± 0.003 m 
between hour 1 and hour 11 and again from hour 18 until hour 24. The instrument error 
range suggested the true value for the water depth was more likely to be replicated when 
the hourly water depths varied between ± 0.003 m of the previous value. 
 
Table 4.1. Hourly water depth data at Site 3 [25 May 2015]. 
Hour Water Depth [m] Change from Previous Hour [m] 
1 0.573 0.000 
2 0.571 0.002 
3 0.572 -0.001 
4 0.570 0.002 
5 0.568 0.002 
6 0.568 0 
7 0.569 -0.001 
8 0.566 0.003 
9 0.567 -0.001 
10 0.564 0.003 
11 0.561 0.003 
12 0.562 -0.001 
13 0.558 0.004 
14 0.560 -0.002 
15 0.554 0.006 
16 0.561 -0.007 
17 0.559 0.002 
18 0.556 0.003 
19 0.561 -0.005 
20 0.564 -0.003 
21 0.563 0.001 
22 0.563 0 
23 0.561 0.002 
24 0.562 -0.001 
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During the first 11 hours, the water depth of 0.568 m was replicated by the sensor two 
times at hour 4 and at hour 5. Over the entire 24 hour period the water depth of 0.561 m 
was replicated by the sensor four times at hour 10, hour 15, hour 18 and hour 22. 
The replication of the data indicated the true value at the start of the 24 hour period was 
0.568 m and the true value at the end of the 24 hour period was 0.561 m. This analysis 
suggested the water depth dropped by 0.007 m on 25 May 2015 due to evaporation and 
seepage losses. 
To add further confidence in the data - the water depth of 0.568 m was replicated at the 
end of the data on the previous day, 24 May 2015. Further, the water depth of 0.561 m 
was replicated at the beginning of the following day, 26 May 2015. 
The data analysis showed the water depth fluctuated between readings by values greater 
than the instrument error. Nonetheless, the instrument replicated water depth values 
while producing water depth within the range of the instrument error. In conclusion, the 
water depth data suggested the replicated readings were the true values for the water 
depths. 
The next sections suggest an explanation for the fluctuation in the water depth that were 
greater than the instrument error of ± 0.003 m. 
 
4.3.2 Barometric compensation calculation 
The barometric pressure was subtracted from the absolute pressure measured in the 
channel to convert the pressure readings to metres of water (mH2O). The barometric 
pressure sensor and the absolute pressure sensor were located nearby each other to 
reduce the spatial variation in barometric pressure readings. The barometric 
compensation equation was shown earlier in this chapter as: 
 
 
𝑚𝐻2𝑂 = (𝑃𝑎𝑏𝑠 − 𝑃𝑏𝑎𝑟𝑜) × 0.101972 Eqn. [4] 
 
where, mH2O = water depth [m], Pabs, Pbaro = absolute pressure of the water column and 
barometric pressure [kPa]. 
 
59 
It can be seen from the Eqn. 4 that a slight fluctuation in the barometric pressure may 
have a significant effect on the calculated water depth (mH2O); even though the 
absolute pressure in the channel may not have varied. Hence, a slight fluctuation in 
barometric pressure may explain a sudden change in the estimated water depth that was 
outside the range of the instrument error of ± 0.003 m (e.g. hour 16 and hour 17 as 
shown in Table 4.1). 
The absolute pressure and barometric pressures logged on 25 May 2015 are shown in 
Figure 4.7 and the data is shown in Table 4.2. The vertical axis shows the pressure 
reading and the horizontal axis shows the hour the pressure was recorded. 
 
 
Figure 4.7. The absolute pressure data and barometric data at Site 3 [25 May 2015]. 
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The data in Table 4.2 shows the absolute pressure of the water column in the channel 
and the absolute pressure of the atmosphere (barometric). The water pressure was 
calculated by subtracting the barometric pressure from the absolute pressure (Eqn. 3). 
The water pressure in kPa was then multiplied by 0.101972 to convert the water 
pressure to water depth (mH2O). The last column in Table 4.2 shows the difference in 
the water pressure between each hourly reading. 
 
Table 4.2. Hourly pressure depth comparison data at Site 3 [25 May 2015]. 
Hour Abs Pres [kPa] Abs Pres Barom [kPa] Water Pres[kPa] 
Difference in  
Hourly Water Pres [kPa] 
1 106.30 100.68 5.62 - 
2 106.27 100.67 5.60 0.03 
3 106.25 100.64 5.61 -0.02 
4 106.21 100.62 5.59 0.02 
5 106.17 100.60 5.57 0.02 
6 106.16 100.60 5.57 0.00 
7 106.27 100.69 5.58 -0.01 
8 106.32 100.76 5.55 0.03 
9 106.41 100.85 5.56 -0.01 
10 106.43 100.90 5.53 0.04 
11 106.41 100.91 5.50 0.03 
12 106.33 100.81 5.52 -0.02 
13 106.16 100.68 5.48 0.04 
14 106.05 100.56 5.49 -0.01 
15 105.99 100.55 5.44 0.05 
16 105.99 100.48 5.51 -0.07 
17 105.95 100.47 5.48 0.03 
18 105.90 100.45 5.46 0.02 
19 106.03 100.52 5.51 -0.05 
20 106.09 100.57 5.53 -0.02 
21 106.09 100.56 5.52 0.00 
22 106.06 100.54 5.53 0.00 
23 106.03 100.53 5.50 0.03 
24 106.04 100.53 5.51 -0.01 
 
The barometric pressure change between hours on 25 May 2015 ranged between 0 kPa 
and 0.07 kPa. The largest fluctuations in barometric pressure was between hour 15 (0.05 
kPa) to hour 16 (0.07 kPa) and at hour 19 (0.05 kPa). At the same time, the change in 
the water depth was greater than the instrument error of ± 0.003 m. The analysis of the 
fluctuation in the barometric pressure indicated that when the channel was shutdown 
that fluctuating water depth changes could be explained by the barometric compensation 
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calculation. Hence, in keeping with the previous analysis of the instrument error it was 
reasonable to suggest that any water depths that are replicated were more likely to be 
the true value of the water depth and the larger flunctuations in water depth could be 
explained by barometric pressure fluctuations.  
As recommended by the manufacturer, the barometric pressure readings could be 
improved by installing the sensor in a less variable climatic environment, e.g. below 
ground in a stilling well so that there is smaller variation in the pressure changes. 
 
4.3.3 Random error 
The installation method described in section 3.3 may have had an effect on the pressure 
readings as described in this section. 
The pressure sensor in the channel recorded hourly readings. The time step was set to 
show any small changes in the water depth over each 24 hour period, particularly inflow 
entering the channel or outflow being pumped or taken from the channel. The sensor 
was installed inside a steel tube conduit set on the diagonal slope down the internal 
batter of the channel. The steel tube was cut at 0.015 m intervals using a drop saw to 
allow the water in the channel to enter the steel tube. One end of the sensor was securely 
cable tied to a smaller diameter conduit and inserted in the steel tube.  The other end of 
the sensor was unsecured. This installation technique allowed the unsecured end of the 
sensor to move slightly within the steel tube. The centreline of the sensor was able to 
travel approximately 0.006 m in either direction towards the steel conduit as the water 
rose and fell within the steel conduit as shown in Figure 4.8. 
 
 
Figure 4.8. Schematic of the pressure sensor (PST) installation (not to scale). 
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The fluctuation in the water depth data in the 25 May 2015 data sample was largely 
attributed to the instrument error and barometric compensation described in the previous 
sections. When there was a fluctuation that was not attributed to instrument error or 
barometric compensation it was possible the error was random due to the installation 
technique. 
The installation technique could be improved by securing the both each of the sensor so 
that the sensor cannot move within the steel tube. 
The water depth data was analysed to reduce the errors as explained in this section. The 
next section compares the difference between evapotranspiration data and evaporation 
from open water. 
 
4.4 Evapotranspiration and rainfall data 
The second set of measurements used to estimate the daily seepage loss was the daily 
evapotranspiration and rainfall measured by the automated weather station located at the 
St George Airport. The St George Airport is located less than 2 km from Site 1 and less 
than 20 km from Site 2 and Site 3. The seepage loss equation was described in Chapter 
3. The equation subtracts evaporation along the ponded channel section from the water 
depth to estimate seepage loss. 
This study used evapotranspiration reported by the BoM to replace evaporation data. 
The reasons for using evapotranspiration data in place of evaporation data and the 
difference between evapotranspiration data and evaporation data is described in the next 
section. 
 
4.4.1 Evapotranspiration data compared to evaporation data 
Evapotranspiration is not the same as evaporation. Evapotranspiration is the term used 
to describe the part of the water cycle that removes liquid water from an area with 
vegetation and into the atmosphere by the processes of both transpiration and 
evaporation. Evaporation occurs when liquid water is converted to water vapour and 
hence removed from a surface, such as a lake, soil or wet vegetation, into the air. Daily 
evaporation is generally greater than daily evapotranspiration. Evapotranspiration is 
related to evaporation from an open water body (such as a channel) by a pan coefficient 
(Allen et al., 1998). 
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There was no evaporation data published for the St George region so for this 
comparative analysis the evaporation was calculated using the widely accepted Penman 
evaporation equation as simplified by Valiantzas’ (2006) (Eqn. 5).  
Valiantzas’ (2006) simplified equation was used because he cited the main disadvantage 
of the original Penman evaporation equation was that the main weather variables 
appearing directly in the equation were usually not readily available and the complexity 
of the calculation can result in significant errors. Valiantzas’ simplified version of the 
standardized Penman equation uses routine weather records usually available at 
standard weather stations, i.e. air temperature, solar radiation, relative humidity, and 
wind velocity. 
The simplified equation for estimating open water evaporation (EOW) not requiring wind 
speed data is: 
 
𝐸𝑂𝑊 ≈ 0.047𝑅𝑆√𝑇 + 9.5 − 2.4 (
𝑅𝑆
𝑅𝐴
)
2
+ 0.09(𝑇 + 20) (1 −
𝑅𝐻
100) 
Eqn. [5] 
 
where, Rs = solar radiation [MJ/m2/d], RA = extraterrestrial radiation [MJ/m2/d], T = 
average temperature [°C], RH = relative humidity [%]. 
 
The empirical equation for the extraterrestrial radiation, RA is: 
 
𝑅𝐴 ≈ 3𝑁 sin(0.131𝑁 − 0.2𝜙) Eqn. [6] 
 
where, N = daylight hours [hours], ϕ is the latitude for the site [radians]. 
 
The empirical equation for the daylight hours, N is: 
 
𝑁 ≈ 4𝜙 sin(0.53𝑖 − 1.65) + 12 Eqn. [7] 
 
where, i = rank of the month (i.e. first month is January). 
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The calculation of the evaporation data (EOW) is shown in Table 4.3. The EOW results 
were compared with the evapotranspiration BoM calculations by using a pan factor. 
McJannet et al. (2008) discussed the use of pan factors to estimate open water 
evaporation in channels in Tatura, Victoria. There are numerous coefficients reported in 
the literature but the shortfall of the technique is that coefficients are specific to the pan 
type, its location and the nature of the water body and so require calibration for 
individual applications. The uncertainty in developing coefficients makes this approach 
unattractive. However, when modelled in Tatura, the estimates to test the performance 
of the evaporation estimates based on pan evaporation data held a good correlation 
when a pan coefficient of 0.7 was used. Hence, a pan coefficient of 0.7 was applied to 
the estimated open water evaporation calculated by the Valiantzas’ equation. 
The estimated open water evaporation for May 2015 was calculated using the BoM 
weather station data recorded at the St George Airport and the Valiantzas’ (2006) 
simplified equation as shown in Table 4.3. Where, EOW = estimated evaporation open 
water, ET = BoM evapotranspiration, Pan Factor = EOW x 0.7 and Difference = ET – 
Pan Factor. 
Table 4.3 shows the daily difference in the estimated open water evaporation 
(multiplied by the pan factor) and the evapotranspiration published by BoM is less than 
1 mm with an average difference of 0.1 mm.  
Given the uncertainty of developing a calibrated open water evaporation pan coefficient 
and the relationship between the factors outlined in Table 4.3 the evapotranspiration 
data published by the BoM was used for this study. 
Further, the BoM has studied the evaporation and evapotranspiration data, from seven 
weather stations located within the Murray-Darling Basin over a 29 year period and 
concluded that there was a strong positive correlation between daily evaporation and 
daily evapotranspiration at all sites (Webb, 2010).  
The BoM publishes a monthly review of climate data and trends as well as long-term 
data for each weather station. The cumulative evapotranspiration measured during the 
ponding tests was 207.4 m, which was below the long-term sum of the mean potential 
monthly evapotranspiration for April and May. 
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Table 4.3. Comparison of open water evaporation and evapotranspiration [May 2015]. 
Day EOW [mm] ET [mm] Pan Factor [mm] Difference [mm] 
1 1.7 1.7 1.2 0.5 
2 3.1 2.1 2.1 0.0 
3 4.7 3.5 3.3 0.2 
4 5.4 3.4 3.8 -0.4 
5 5.5 3.4 3.8 -0.4 
6 5.4 3.7 3.8 -0.1 
7 5.0 3.3 3.5 -0.2 
8 4.7 3.0 3.3 -0.3 
9 4.2 2.5 2.9 -0.4 
10 4.7 3.0 3.3 -0.3 
11 5.1 3.7 3.6 0.1 
12 4.7 2.6 3.3 -0.7 
13 3.7 3.4 2.6 0.8 
14 4.6 3.5 3.2 0.3 
15 4.6 2.6 3.2 -0.6 
16 4.7 3.3 3.3 0.0 
17 3.9 2.8 2.8 0.0 
18 4.7 3.2 3.3 -0.1 
19 4.0 2.8 2.8 0.0 
20 3.9 3.4 2.8 0.6 
21 1.4 1.2 1.0 0.2 
22 2.9 2.0 2.0 0.0 
23 4.2 2.6 2.9 -0.3 
24 4.2 2.6 2.9 -0.3 
25 4.4 2.8 3.0 -0.2 
26 3.8 2.3 2.7 -0.4 
27 4.3 2.3 3.0 -0.7 
28 4.4 2.3 3.1 -0.8 
29 4.6 3.4 3.2 0.2 
30 4.5 3.0 3.2 -0.2 
31 3.8 2.7 2.6 0.1 
 
4.4.2 Rainfall data 
Rainfall intensity and volume varies spatially. The Australian Rainfall & Runoff Guide 
suggests that a small catchment is defined as being less than 4 km2. Site 1 was located 
less than 2 km from the BoM St George Airport automated weather station, however, 
Site 2 and Site 3 were located 18 km away from the automated weather station. The 
approximate catchment size was 50 km2. Hence, the rainfall recorded at the St George 
Airport was merely an indicator of rainfall within the catchment. Despite the spatial 
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variation of rainfall the St George Airport data was used to indicate days of no rainfall 
during the ponding test. The rainfall recorded during the ponding test is shown in 
Appendix D. The BoM issues a monthly review of rainfall patterns across Australia that 
compares the current trends and events with long-term climate trends. Extracts from the 
monthly review are presented in Appendix D. In summary, the rainfall during the study 
period was 12 rain days during the channel shutdown with a cumulative rainfall of 89.4 
mm. The cumulative rainfall in April was above the long-term average mean and the 
cumulative rainfall in May was below the long-term mean.   
The next section presents the results of the ponding tests. 
 
4.5 Results 
The simplified seepage loss equation (Eqn. 2) described in Chapter 3 was used to 
calculate the estimated seepage loss at each site.  
The expected water depth trend during a channel shutdown was a falling water level. 
The reliability and interpretation of the data sources used to estimate the seepage losses 
was described in the previous sections of this Chapter. 
The water depth data was analysed for each of the ponding test sites: 
1. Site 1: St George Main Channel 
2. Site 2: Buckinbah B2 Channel 
3. Site 3: Buckinbah B2/2 Channel. 
 
4.5.1 Site 1: St George Main Channel 
The pressure sensor at Site 1 was sloped along the channel embankment out of vertical 
orientation inside a steel conduit. The Schlumberger Mini-Diver (Model DI501 – 10 m) 
recorded the hourly water level data. The compensated water level accuracy was ±0.005 
m.  
Constant flows entering the channel meant Site 1 was less likely than Site 2 and Site 3 
to be shutdown for any extended periods during the ponding test. The inflow was due to 
the stock and domestic supply demand and the channel section being the main conduit 
for the remainder of the channel system. 
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Photograph  4.1  shows the gate structure at the end of the Site 1 ponded section 
(Johnstone Road). There were a number of stock and domestic pump inlets supplied 
from this section of the channel, which meant Site 1 was unlikely to be shutdown for 
any extended periods.  
 
 
Photograph  4.1. This photograph shows one of the 2 inch rural polyethylene pipeline pump inlets 
anchored in the channel to a length of white PVC in the Site 1 ponded section. 
 
The water depth data was analysed over two periods recorded during April and May. 
Figure 4.9 shows the water depth data measured at Site 1 during April 2015. The tabular 
summary of the data is in Table E. 5. The primary vertical axis shows the change in the 
water depth measured in the channel and the secondary vertical axis shows the water 
losses due to evapotranspiration and seepage. 
The data ranged between:  
- Water depth [m]: 0.853 and 0.411 (0.442 m) 
- Evapotranspiration [m]: 0.0055 and 0.0018 (0.0037 m). 
 
There was a steady falling trend in the water depth between 4 April 2015 and 19 April 
2015 (Figure 4.9). After 19 April 2015, there is a large inflow before normal operation 
resumes at the end of the month. The chart shows the water depth at the beginning and 
end of each 24-hour period. During this period the water depth was steadily falling, 
however, closer examination of the hourly data showed there were inflows and outflows 
from the channel during each 24-hour period.  
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The hourly water depth data (Figure 4.10) is used to illustrate the typical inflow and 
outflow behaviour during each 24-hour period when the channel was in normal 
operation. The data collected during normal channel operation was excluded from the 
seepage loss analysis despite the steady falling trend in the 24-hour data (Figure 4.9). 
The data was excluded due to the difficulty in separating the seepage losses and 
evaporation losses from channel inflow and channel outflow and the resulting low 
confidence in the calculated water depth data. 
 
 
Figure 4.9. There were no periods during April 2015 where the falling water trend in the St George 
Main Channel was clearly due to seepage losses. 
 
The combined analysis of the hourly water depth data and the 24-hour data (Figure 4.9) 
indicated there were no periods during April 2015 when there were strong water depth 
trends due to seepage losses. The hourly water depth data (Figure 4.10 and Figure 4.11) 
showed constant inflow into the channel section and suggested there were no periods 
when the channel section was shutdown.The tabular summary of the data is shown in 
Table E.8a and Table E.8b. 
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Figure 4.10. The hourly water depth data shows there was water flowing into and out of the 
channel at Site 1 during the normal operation on 12 April 2015. 
 
 
Figure 4.11. The hourly water depth data shows there was water flowing into and out of the 
channel at Site 1 during the normal operation on 13 April 2015. 
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Figure 4.12 shows the water depth data at Site 1 measured during May 2015. The 
tabular summary of the data is in Table E. 6. The channel was in normal operation 
during most of the month, with a large inflow around 9 May 2015 to maintain the 
operating level. 
The combined analysis of the hourly water depth data and the 24-hour data suggested 
there were no periods during May 2015 when there was a strong water depth trend due 
to seepage losses alone and the constant inflow and sharp outflow gradient suggested 
there were no periods when the channel section was shutdown. 
 
 
Figure 4.12. There were no periods when the water level dropped during May 2015 that were due 
to seepage losses and evaporation losses alone that could be separated from the channel flows. 
 
4.5.2 Site 2: Buckinbah B2 Channel 
The pressure sensor at Site 2 was in a vertical orientation inside a steel conduit anchored 
to an abandoned culvert. A HOBO Water Level Logger (Model U20-001-04) recorded 
the hourly water level data. The compensated water level accuracy was ±0.003 m. The 
water depth data was analysed over two periods recorded during April and May. 
Figure 4.13 shows the water depth data measured at Site 2 during April 2015. The 
tabular summary of data is in Table E. 3. The primary vertical axis shows the water 
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depth measured in the channel and the secondary vertical axis shows the water losses 
due to evapotranspiration and seepage.  
There is a strong falling trend in the water between 9 April and 30 April, however, the 
trend was the same as Site 1 and the combined analysis of the hourly water depth data 
and the 24-hour data indicated there were no periods during April 2015 when there were 
strong water level trends due to seepage losses. The water depth data indicated there 
was constant inflow into the section during most of April or outflow due to water being 
pumped from the channel. 
The data ranged between: 
- Water depth [m]: 0.376 and 0.284 (0.284 m) 
- Evapotranspiration [m]: 0.0055 and 0.0018 (0.0037 m). 
 
 
Figure 4.13. There were no periods during April 2015 where the falling water level trend in the B2 
channel was due to seepage losses. 
 
Figure 4.14 shows the water depth data measured at Site 2 during May 2015. The 
tabular summary of the data shown in Figure 4.14 is in Table E. 4. The water depth was 
below the pressure sensor during some of the ponding test. The analysis indicated there 
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were no periods during May 2015 when there was a strong water level trend due to 
seepage losses and evaporation losses alone. 
The data ranged between: 
- Water depth [m]: 0.359 and 0.079 (0.280 m) 
- Evapotranspiration [m]: 0.0037 and 0.0012 (0.0025 m). 
 
In summary, there were no periods during the ponding test when the water depth was 
falling at Site 2 that were due to seepage losses alone. The ponding test could be 
repeated at the end of the next cotton growing season to obtain results. 
 
 
Figure 4.14. There were no seepage water losses identified during May 2015. 
 
4.5.3 Site 3: Buckinbah B2/2 Channel 
The pressure sensor that measured the Site 3 water depth was sloped along the channel 
embankment out of vertical orientation inside a steel conduit. A HOBO Water Level 
Logger (Model U20-001-04) recorded the hourly water level data. The compensated 
water level accuracy was ±0.003 m.  
The water depth data was analysed over two periods recorded during April and May. 
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Figure 4.15 shows the water depth data measured during April 2015 plotted as a line on 
the primary vertical axis and the water losses plotted as a line on the secondary vertical 
axis. The water depth data shows a steady fall in the water level between 1 April 2015 
and 30 April 2015. The tabular summary of data shown in Figure 4.15 is in Table E. 1. 
Despite the overall falling water level trend, the operator advised the channel was 
operating during most of April 2015. The data analysis suggested water was being 
pumped from the channel during the later stages of the month. 
On days where there was potential seepage loss (at the end of April), the measured 
water level fall was less than or equal to the water loss to evapotranspiration. 
Subsequently, the same as at Site 1 and Site 2, the combined analysis of the hourly 
water depth data and the 24-hour water depth data indicated there were no days in April 
2015 when the falling water level was due to seepage losses and evaporation losses 
alone. 
 
 
Figure 4.15. The B2/2 Channel was is operation during April 2015 and the falling water level was 
equal to or less than the daily evapotranspiration recorded by the BoM automated weather station. 
 
Figure 4.16 shows the water depth data measured at Site 3 during May 2015 plotted on 
the primary vertical axis as a line. The secondary vertical axis shows the water losses; 
the evapotranspiration loss is plotted in grey as a line and the seepage loss is plotted in 
black as a column. There were 10 days between 19 May 2015 and 29 May 2015 when 
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the data indicated the falling water level was due to evapotranspiration and seepage 
losses alone.  
The data ranged between: 
- Water depth [m]: 1.091 and 0.942 (0.149 m) 
- Evapotranspiration [m]: 0.0012 and 0.0037 (0.0025 m) 
- Seepage loss [m]: 0.004 and 0.013 (0.009 m). 
 
 
Figure 4.16. There were 10 days of data during the shutdown in May 2015 where the seepage losses 
were estimated to be 0.008 md-1 ± 0.002 m (95 %). 
 
These seepage losses were within the expected range of up to 0.015 m. The tabular 
summary of data shown in Figure 4.16 is in Table E. 2. The seepage losses were 
estimated to be 0.008 md-1 ± 0.002 m (95 %) or in other words the true mean was 
estimated to be within the range of 0.006 m and 0.010 m with a standard deviation of 
0.002 m. 
The As Built Drawings were used to calculate the water surface area and wetted 
perimeter of the channel at the designed operating levels. These parameters were used to 
estimate the annual losses due to seepage. 
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The wetted perimeter of the Buckinbah B2/2 Channel at the designed operating level 
was 11100 m2. By extrapolation, a daily seepage loss of 0.008 md-1 equates to an annual 
loss of 32.5 ML. 
The surface area of the Buckinbah B2/2 Channel at the designed operating level was 
13900 m2. By using, an annual evaporation loss published from the Monthly 
Evaporation Calculator (NCEA) of 2.485 m and the surface area of the B2/2 Channel, 
the estimated annual loss to evaporation was 34.5 ML. 
The Buckinbah B2/2 Channel supplies one SunWater customer 640 MLy-1. Assuming 
water was supplied between August and March only, the losses to seepage and 
evaporation in the Buckinbah B2/2 Channel alone were approximately 10 per cent of 
the total water released from Beardmore Dam as shown in Figure 4.17. There would be 
additional losses to seepage and evaporation between the actual release point at the dam 
and the following Thuraggi Channel, Buckinbah Main and B2/2 Channel (Figure 2.3). 
 
 
Figure 4.17. The water losses in the Buckinbah B2/2 Channel alone during one irrigation season 
was approximately 10 per cent of the 640 ML of water released from Beardmore Dam. 
 
There are approximately 14 km of earth channel between the Buckinbah Weir and the 
offtake to the Buckinbah B2/2 Channel. By extrapolation, a daily seepage loss of 0.008 
Total 
90% 
Evaporation loss 
5% 
Seepage loss 
5% 
Water delivery efficiency 
Buckinbah B2/2 Channel 
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md-1 equates to an annual loss of 365 ML and 295 ML annual loss to evaporation before 
the water reaches the Buckinbah B2/2 Channel. 
These losses would be distributed among all of the SunWater customers supplied by the 
Buckinbah Channel system (supply capacity of 490 MLd-1). 
In summary, there was one period during the ponding test when the water depth was 
falling at Site 3 that was due to seepage losses alone. The data suggested the daily 
seepage loss was 0.008 md-1 ± 0.002 m (95 %), which is approximately 5 per cent of the 
water supplied to the Buckinbah B2/2 Channel annually. 
 
4.6 Conclusion and review of results 
The aim of the study was to develop an estimate of seepage loss in the SGIA by 
interpreting the daily water level data measured using the ponding test. Where seepage 
losses were identified, the results of this study were compared against the results of 
other studies of seepage losses. 
The water depth trends at Site 1 and Site 2 suggested the channel section was not 
shutdown during the ponding test due to either normal inflow or outflow conditions 
from the ponded section. Subsequently, there were no periods during the ponding tests 
at Site 1 and Site 2 that could be attributed to seepage losses alone. Seepage estimates 
for Site 1 and Site 2 could be obtained by future ponding tests.  
Unfortunately, the null result at Site 1 and Site 2 meant that the seepage in a clay lined 
channel on a contrasting soil type could not be compared to the results obtained at Site 
3. Fortunately, the soil properties at Site 2 are similar to Site 3 (although the hydraulic 
properties are different – refer Table 3.1) and so the seepage losses at Site 2 are likely to 
be in the same order as the results obtained at Site 3; although due to the larger supply 
capacity they may be greater. 
The results of the ponding test at Site 3 identified a falling water depth trend in the 
ponded section. The ponded section at Site 3 was approximately 1.4 km long. The water 
depth data measured the fall in the water surface located approximately 100 m from the 
start of the ponded section. The results of the ponding test indicated water ponded in the 
section was as anticipated, being lost to both, evaporation and seepage; however, the 
results do not indicate the precise location of the losses. The precise location of the 
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losses may be able to be identified during the initial filling at the beginning of the next 
irrigation season or by using other methods to assess seepage losses described in 
Chapter 2. The water depth measurements could be refined by placing multiple sensors 
in the ponded section or by placing a sensor at a more centralised location. 
The water depth trends at Site 3 indicated the seepage losses were 0.008 md-1 ± 0.002 m 
(95%). The soil mapping for Site 3 indicated the soils were texture contrast soils 
comprised of Tenosols, Sodosols and Vertosols. While Tenosols have a high 
permeability, Sodosols and Vertosols have low permeability. Soil properties are 
generally not homogeneous for the entire length of an earth structure such as a channel, 
therefore, the seepage losses may be unevenly distributed along the length of the 
channel according to the soil property and channel maintenance/condition of the earth 
structure, e.g. erosion. 
Other studies of seepage losses irrigation channels in Australia that used the ponding 
test (ANCID, 2003, McLeod et al., 1990, Moavenshahidi et al., 2014) estimated seepage 
losses between 0.000 md-1 and 0.035 md-1. The studies do not indicate the soil 
properties, however, the results of this study are within the range reported. The results 
of this study also compare well with the seepage rates of typical linings of clay loam 
and hardpan, soil lining (Figure 2.6) reported in the USA study by Sonnichsen (1993). 
Chapter 2 reviewed the methods to measure seepage losses. The ponding test used in 
this study is an accurate method to identify overall losses in a channel, however, results 
do not provide the spatial variation of losses but only a bulk figure for seepage. Smaller 
seepage hotspots are identified by more localised methods such as, reducing the length 
of the ponded section, the Idaho Seepage Meter or Geophysical methods. A channel 
lining inspection may also identify localised damage in the channel, e.g. erosion or 
tunnelling in the embankments. Although, the ponding test results are the most accurate 
means of measuring channel seepage, they may still underestimate seepage compared to 
channel flowing conditions (ANCID, 2003). 
The results of this study are from one irrigation season. The data analysis identified one 
10 day period where the falling water depths measured at Site 3 were clearly attributed 
to seepage losses. As with all good scientific experiments the ponding test should be 
duplicated under the same conditions to test the repeatability of the results obtained by 
this study. 
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The cost of the ponding tests was minimised during this study as existing check 
structures were used to pond the test sections and the measurement equipment cost less 
than $5000 AUD. Other costs incurred were travel to the measurement sites and hours 
spent analysing the water depth data and compiling the results of the study. 
This chapter presented the results of the ponding tests at three sites. The sources of data 
and the accuracy of the data were described in detail, including a discussion of: 
1. The possible reasons for the fluctuation in the water depth data 
2. The justification for using evapotranspiration data to estimate open water 
channel evaporation. 
 
The analysis of the trend in the water depth data during a shutdown period could be 
improved by logging pressure readings at a finer interval (e.g. 15 minutes) to increase 
the replication of the water depth measurements. Secondly, the barometric pressure 
recording could be improved by installing the logger in a stilling well below ground 
level where the atmospheric pressure fluctuates less. The pressure sensor installation 
could also be improved by securing both ends of the sensor so the sensor cannot move 
within the steel tube as the water depth changes. The absolute pressure transducers 
could also be replaced by more accurate differential pressure transducers described in 
Chapter 2. 
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Chapter 5 Conclusion 
This chapter summarises the results of the study and sets a plan for further work to 
improve and extend the results of the study. 
The study area was the earthen channel distribution system located in the St George 
Irrigation Area (SGIA) (part of the St George Water Supply Scheme). The demand for 
irrigation water in the SGIA is influenced by the annual rainfall and semi-arid nature of 
the catchment. The channel system supplies water mainly for irrigated cotton and some 
horticulture. 
The efficiency of irrigation systems has come into focus as food security has been 
coming back on the centre stage as a major challenge for future decades. Seepage losses 
contribute to the efficiency of irrigation systems. Seepage in the dominant process by 
which water is lost from earthen distribution channels, along with evaporation, which 
can also contribute to a high proportion of losses in dry areas. 
The accurate estimation of seepage losses is a concern when optimising water supply 
operations in channel systems and investigating in infrastructure improvements. The 
SGIA is an important economic region for agricultural production in the MDB. 
Improving the knowledge of supply system losses, such as seepage, has the potential to 
lead to better water efficiency within the channel system. 
There are currently no published estimates of seepage losses in irrigation systems in 
southwest Queensland. This study estimated the seepage losses in the SGIA by directly 
measuring water depths and using the ponding test. The seepage rate is controlled 
mainly by the effective hydraulic continuity of the underlying base material. The other 
studies (Chapter 2) of seepage losses identified that seepage losses are estimated to be 
up to 25 per cent of any release into a channel supply system. All of the other seepage 
loss studies reviewed concluded that seepage losses reduced the efficiency of water 
distribution. Seepage loss rates estimated in Australian channel systems using the 
ponding test vary between 0.000 md-1 and 0.035 md-1. The results of seepage estimates 
can be affected by seasonal variation. The IQQM computer simulation of the SGIA 
currently uses a loss factor of 1.15 to estimate the operational efficiency of water 
delivered to SunWater customers. 
Chapter 3 described the experimental technique designed to measure the seepage losses 
in the SGIA using the ponding test. The ponding test equation was simplified by 
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removing periods of data when water was flowing into or out of the isolated channel 
section. Three measurement sites were selected based on the contrasting supply 
volumes in the channel section and methods used to construct the channels (compacted 
earth and clay lined compacted earth). 
The experimental results (Chapter 4) of the ponding tests at Site 1 and Site 2 indicated 
the channel was not shut down during the test and yielded no dropping water depth 
trends that were due to seepage loss alone. The measurements at Site 3 indicated the 
seepage loss was 0.008 md-1 ± 0.002 (95 %). This seepage loss was within the range 
reported by other Australian studies of seepage for compacted earth channels. This 
measurement is also within the 1.15 loss factor used by the IQQM to estimate the 
volume of water available to SunWater customers (used to estimate both evaporation 
and seepage losses). GHD also estimated the loss to seepage in channel constructed 
from compacted earth was 0.008 md-1. Some may suggest, natural sealing in the earthen 
channel lining with age may have influenced these results. 
The findings of the study are limited to the measurements recorded at Site 3: the 
Buckinbah B2/2 Channel, however, by extrapolation, a daily seepage loss of 0.008 md-1 
equates to an annual loss of 32.5 ML (or at least 5 per cent of the water supplied to the 
channel annually). The water supplied to the B2/2 Channel flows through 
approximately 14 km of compacted earth channel through the Buckinbah B2 Channel. 
By extrapolation this equates to an annual seepage loss of 365 ML. 
In summary, this study achieved the objectives set out in section 1.5. An experimental 
programme was designed and carried out to directly measure the seepage losses in the 
SGIA. The results of the study identified water trends due to seepage losses at Site 2 
using the ponding test. The results were within the range of the other seepage loss 
studies reviewed. 
The limited results obtained by this study suggest seepage loss represents an operational 
loss to the channel scheme that should be investigated further. The further investigations 
could refine the estimate to determine if it is significant by duplicating this study over 
several cotton growing seasons. Once the accuracy of the estimates is confirmed the 
cost benefit to remediate the channel system could be properly assessed. 
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5.1 Further work and recommendations 
The literature review revealed that seepage rate estimates vary widely throughout the 
year due to seasonal variation, the duration of the pondage condition and the operating 
conditions of the channel system. To prove the accuracy and repeatability of the seepage 
loss estimate the study requires further iterations of ponding tests over subsequent 
growing seasons. 
During the study, the cumulative rainfall and evapotranspiration were below the long-
term average at the St George Airport weather station therefore; ideally, the ponding test 
would produce the best results during a growing season with average rainfall and 
evapotranspiration recordings. 
As can be seen from the results in Chapter 4 it was difficult to measure seepage losses 
while the channels were in normal operation during the cotton growing season. There 
were two short durations at the end of the cotton season (the cotton was planted late in 
the 2014 season and was harvested late) during the end of April and the end of May 
when the channel system was shutdown. Seepage estimates were only obtained for Site 
3. The ideal testing period is at the end of the growing season when the flow into and 
out of the channel is shutdown and the evaporation is low. A ponding test could be 
scheduled at Site 1 and Site 2 to obtain results during a future growing season; as 
operational constraints permit. This would allow a comparative study between channel 
linings. 
During this study, absolute pressure sensors were used to measure water depths on an 
hourly increment at three channel sites. When measuring small changes in water level a 
common observation suggested throughout the report and pressure sensor user guides 
was to ensure the set up and measurement was reliable and accurate. The foundation of 
the ponding test relied heavily on the accuracy of the water depth measurements and so 
the accuracy of these measurements was critical.  
Two different loggers were used during the study, the HOBO Water Level Loggers 
provided better results than the Schlumberger Divers due to the highly accurate absolute 
pressure measurements (± 0.003 m). The water pressure measurements could be 
improved further by installing differential pressure transducers or moving to other 
measurements such as ultrasonic that have a better level of accuracy. The data 
fluctuations discussed in Chapter 4 may also be reduced by reducing the interval 
between to logging water depths, e.g. 5 minutes. 
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The physical design of the site installations can be improved by securing the lower end 
of the pressure transducer within the steel conduit to reduce movement of the pressure 
sensor. The steel conduit could also be replaced by a material less sensitive to 
temperature, i.e. PVC, to reduce the potential error caused by barometric measurements. 
The evapotranspiration measurements used to calculate the seepage losses were 
measured at the nearby St George Airport Bureau of Meteorology automated weather 
station. These results could be refined by installing a weather station closer to the 
measurement sites. 
Chapter 2 presented methods to reduce seepage losses. The two most common solutions 
for reducing seepage were lining channels or replacing them with pipes however, these 
solutions are expensive. The condition and maintenance of the channels tested during 
the study was unknown, e.g. thickness of compacted earth material or presence of leaks 
caused by erosion and mechanical damage. The accurate cost benefit analysis of these 
remediation solutions requires a clear understanding of the condition of the channel 
construction. 
Before any further studies of seepage are completed, soil compaction tests, soil 
parameter tests and channel inspections could be completed while the channel is empty 
during a shutdown period. This will help determine if the seepage loss rates are 
acceptable for the condition of the channel and guide the cost benefit analysis of 
channel remediation works, including general maintenance costs. A proper cost analysis 
of the water savings and potential improved agricultural income can then be used to 
estimate the economic value of the potential water savings based on the current dollars 
per mega litre price of water supplied to scheme customers. 
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As Built Channel Drawings 
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Rainfall Data 
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Table D. 1. There were 8 rain days in April 2015 with a cumulative rainfall of 53.8 mm – 31 mm 
above the long-term average (Bureau of Meteorology, 2015a). 
 
 
Table D. 2. There were 4 rain days in May 2015 with a cumulative rainfall of 35.6 mm – 11.9 mm 
below the long-term average (Bureau of Meteorology, 2015a). 
99 
 
Table D. 3. The cumulative evapotranspiration during April 2015 was 199.3 mm (Bureau of 
Meteorology, 2015b). 
 
 
Table D. 4. The cumulative evapotranspiration during May 2015 was 88.1 mm (Bureau of 
Meteorology, 2015b). 
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Table E. 1. The estimated seepage losses at Site 3: Buckinbah B2/2 Channel, St George [April 2015]. 
Day Rainfall Trend Start [m] End [m] 
Hourly 
Difference 
[m] 
Evapotranspiration 
[m] 
Seepage 
[m] 
1 0.0020 Inflow 1.113 1.119 -0.006 0.0050 0 
2 0.0032 Inflow 1.119 1.119 0.000 0.0044 0 
3 0.0002 Inflow 1.119 1.184 -0.065 0.0039 0 
4 0.0430 Inflow 1.184 1.181 0.003 0.0023 0 
5 0.0004 Inflow 1.181 1.175 0.006 0.0039 0 
6 0 Inflow 1.175 1.170 0.005 0.0055 0 
7 0 Inflow 1.175 1.170 0.005 0.0055 0 
8 0 Inflow 1.170 1.170 0.000 0.0042 0 
9 0 Inflow 1.170 1.166 0.004 0.0037 0 
10 0 Inflow 1.166 1.163 0.003 0.0033 0 
11 0 Inflow 1.163 1.163 0.000 0.0040 0 
12 0 Inflow 1.163 1.161 0.002 0.0040 0 
13 0 Inflow 1.161 1.158 0.003 0.0040 0 
14 0 Inflow 1.158 1.154 0.004 0.0051 0 
15 0 Inflow 1.154 1.154 0.000 0.0048 0 
16 0 Inflow 1.153 1.150 0.003 0.0047 0 
17 0 Inflow 1.150 1.145 0.005 0.0051 0 
18 0 Inflow 1.143 1.144 -0.001 0.0046 0 
19 0.0036 Inflow 1.144 1.149 -0.005 0.0018 0 
20 0 Inflow 1.149 1.140 0.009 0.0040 0 
21 0 Inflow 1.140 1.140 0.000 0.0021 0 
22 0.0012 Inflow 1.139 1.140 -0.001 0.0034 0 
23 0.0002 Inflow 1.140 1.133 0.007 0.0035 0 
24 0 Inflow 1.133 1.129 0.004 0.0040 0 
25 0 Inflow 1.129 1.122 0.007 0.0051 0 
26 0 Inflow 1.122 1.115 0.007 0.0041 0 
27 0 Inflow 1.115 1.108 0.007 0.0033 0 
28 0 Inflow 1.108 1.103 0.005 0.0032 0 
29 0 Inflow 1.103 1.096 0.007 0.0038 0 
30 0 Inflow 1.096 1.089 0.007 0.0038 0 
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Table E. 2. The estimated seepage losses at Site 3: Buckinbah B2/2 Channel, St George [May 2015]. 
Day Rainfall Trend 
Start 
[m] End [m] 
Hourly 
Difference 
[m] 
Evapotranspiration 
[m] 
Seepage 
[m] 
1 0.1420 Inflow 1.089 1.091 -0.002 0.0017 0 
2 0.0620 Inflow 1.091 1.088 0.003 0.0021 0 
3 0 Inflow 1.088 1.084 0.004 0.0035 0 
4 0 Inflow 1.084 1.081 0.003 0.0034 0 
5 0 Inflow 1.081 1.079 0.002 0.0034 0 
6 0 Inflow 1.081 1.081 0.000 0.0037 0 
7 0 Inflow 1.081 1.081 0.000 0.0033 0 
8 0 Inflow 1.081 1.076 0.005 0.0030 0 
9 0 Inflow 1.076 1.073 0.003 0.0025 0 
10 0 Inflow 1.076 1.073 0.003 0.0030 0 
11 0 Inflow 1.073 1.073 0.000 0.0037 0 
12 0 Inflow 1.073 1.076 -0.003 0.0026 0 
13 0 Inflow 1.076 1.072 0.004 0.0034 0 
14 0 Inflow 1.072 1.066 0.006 0.0035 0 
15 0 Inflow 1.066 1.066 0.000 0.0026 0 
16 0 Inflow 1.066 1.064 0.002 0.0033 0 
17 0 Inflow 1.064 1.064 0.000 0.0028 0 
18 0 Inflow 1.064 1.064 0.000 0.0032 0 
19 0 Falling 1.064 1.055 0.009 0.0028 0.006 
20 0 Falling 1.055 1.041 0.014 0.0034 0.011 
21 0.0090 Falling 1.041 1.035 0.006 0.0012 0.005 
22 0.0062 Falling 1.034 1.019 0.015 0.0020 0.013 
23 0 Falling 1.019 1.007 0.012 0.0026 0.009 
24 0 Falling 1.007 0.998 0.009 0.0026 0.006 
25 0 Falling 0.998 0.987 0.011 0.0028 0.008 
26 0 Falling 0.987 0.977 0.010 0.0023 0.008 
27 0 Falling 0.977 0.971 0.006 0.0023 0.004 
28 0 Falling 0.971 0.961 0.010 0.0023 0.008 
29 0 Falling 0.959 0.953 0.006 0.0034 0 
30 0 Falling 0.953 0.949 0.004 0.0030 0 
31 0 Falling 0.949 0.942 0.007 0.0027 0 
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Table E. 3. The estimated seepage losses at Site 2: Buckinbah B2 Channel, St George [April 2015]. 
Day Rainfall Trend 
Start 
[m] End [m] 
Hourly 
Difference 
[m] 
Evapotranspiration 
[m] 
Seepage 
[m] 
1 0.0020 Inflow 0.342 0.309 0.033 0.0050 0 
2 0.0032 Inflow 0.309 0.376 -0.067 0.0044 0 
3 0.0002 Inflow 0.376 0.354 0.022 0.0039 0 
4 0.0430 Inflow 0.354 0.278 0.076 0.0023 0 
5 0.0004 Inflow 0.278 0.327 -0.049 0.0039 0 
6 0 Falling 0.327 0.348 -0.021 0.0055 0 
7 0 Falling 0.348 0.302 0.046 0.0055 0 
8 0 Falling 0.302 0.236 0.066 0.0042 0 
9 0 Falling 0.236 0.230 0.006 0.0037 0 
10 0 Falling 0.23 0.243 -0.013 0.0033 0 
11 0 Falling 0.243 0.235 0.008 0.0040 0 
12 0 Falling 0.235 0.228 0.007 0.0040 0 
13   Falling 0.228 0.219 0.009 0.0040 0 
14 0 Falling 0.219 0.210 0.009 0.0051 0 
15 0 Falling 0.21 0.197 0.013 0.0048 0.0082 
16 0 Falling 0.197 0.191 0.006 0.0047 0 
17 0 Falling 0.191 0.175 0.016 0.0051 0.0109 
18 0 Falling 0.175 0.172 0.003 0.0046 0 
19 0.0036 Inflow 0.172 0.172 0.000 0.0018 0 
20 0 Inflow 0.172 0.157 0.015 0.0040 0.011 
21 0 Inflow 0.157 0.152 0.005 0.0021 0 
22 0.0012 Inflow 0.152 0.146 0.006 0.0034 0 
23 0.0002 Inflow 0.146 0.143 0.003 0.0035 -0.0005 
24 0 Falling 0.143 0.137 0.006 0.0040 0 
25 0 Falling 0.137 0.127 0.010 0.0051 0 
26 0 Falling 0.127 0.119 0.008 0.0041 0 
27 0 Falling 0.119 0.111 0.008 0.0033 0 
28 0 Falling 0.111 0.107 0.004 0.0032 0 
29 0 Falling 0.107 0.095 0.012 0.0038 0.0082 
30 0 Falling 0.095 0.092 0.003 0.0038 0 
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Table E. 4. The estimated seepage losses at Site 2: Buckinbah B2 Channel, St George [May 2015]. 
Day Rainfall Trend 
Start 
[m] End [m] 
Hourly 
Difference 
[m] 
Evapotranspiration 
[m] 
Seepage 
[m] 
1 0.1420 Inflow 0.092 0.096 -0.004 0.0017 0 
2 0.0620 Inflow 0.096 0.090 0.006 0.0021 0 
3 0 Falling 0.090 0.085 0.005 0.0035 0 
4 0 Falling 0.085 0.120 -0.035 0.0034 0 
5 0 Falling 0.120 0.223 -0.103 0.0034 0 
6 0 Falling 0.223 0.363 -0.14 0.0037 0 
7 0 Falling 0.363 0.411 -0.048 0.0033 0 
8 0 Falling 0.411 0.461 -0.05 0.0030 0 
9 0 Falling 0.461 0.454 0.007 0.0025 0 
10 0 Falling 0.454 0.467 -0.013 0.0030 0 
11 0 Falling 0.467 0.429 0.038 0.0037 0 
12 0 Falling 0.429 0.539 -0.11 0.0026 0 
13 0 Falling 0.539 0.457 0.082 0.0034 0 
14 0 Falling 0.457 0.467 -0.01 0.0035 0 
15 0 Falling 0.467 0.456 0.011 0.0026 0 
16 0 Falling 0.456 0.446 0.010 0.0033 0 
17 0 Falling 0.446 0.497 -0.051 0.0028 0 
18 0 Falling 0.497 0.225 0.272 0.0032 0 
19 0 Falling 0.225 0.079 0.146 0.0028 0 
20 0 Falling 0.079 0.079 0 0.0034 0 
21 0.0090 Inflow 0.079 0.079 0 0.0012 0 
22 0.0062 Inflow 0.079 0.079 0 0.0020 0 
23 0 Falling 0.079 0.079 0 0.0026 0 
24 0 Falling 0.079 0.079 0 0.0026 0 
25 0 Falling 0.079 0.079 0 0.0028 0 
26 0 Falling 0.079 0.079 0 0.0023 0 
27 0 Falling 0.079 0.079 0 0.0023 0 
28 0 Falling 0.079 0.079 0 0.0023 0 
29 0 Falling 0.079 0.079 0 0.0034 0 
30 0 Falling 0.079 0.086 -0.007 0.0030 0 
31 0 Falling 0.086 0.084 0.002 0.0027 0 
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Table E. 5. The estimated seepage losses at Site 1: St George Main Channel, St George [April 2015]. 
Day Rainfall Start [m] End [m] 
Hourly 
Difference 
[m] 
Evapotranspiration 
[m] 
Seepage 
[m] 
1 0.0020 0.635 0.628 0.007 0.0050 0 
2 0.0032 0.628 0.613 0.015 0.0044 0 
3 0.0002 0.613 0.647 -0.034 0.0039 0 
4 0.0430 0.647 0.647 0.000 0.0023 0 
5 0.0004 0.647 0.633 0.014 0.0039 0 
6 0 0.633 0.610 0.023 0.0055 0 
7 0 0.610 0.591 0.019 0.0055 0 
8 0 0.591 0.574 0.017 0.0042 0 
9 0 0.574 0.562 0.012 0.0037 0 
10 0 0.562 0.553 0.009 0.0033 0 
11 0 0.553 0.519 0.034 0.0040 0 
12 0 0.519 0.505 0.014 0.0040 0 
13   0.505 0.508 -0.003 0.0040 0 
14 0 0.508 0.484 0.024 0.0051 0 
15 0 0.484 0.468 0.016 0.0048 0 
16 0 0.468 0.453 0.015 0.0047 0 
17 0 0.453 0.427 0.026 0.0051 0 
18 0 0.427 0.418 0.009 0.0046 0 
19 0.0036 0.418 0.411 0.007 0.0018 0 
20 0 0.411 0.853 -0.442 0.0040 0 
21 0 0.853 0.805 0.048 0.0021 0 
22 0.0012 0.805 0.776 0.029 0.0034 0 
23 0.0002 0.776 0.684 0.092 0.0035 0 
24 0 0.684 0.667 0.017 0.0040 0 
25 0 0.667 0.637 0.03 0.0051 0 
26 0 0.637 0.632 0.005 0.0041 0 
27 0 0.632 0.617 0.015 0.0033 0 
28 0 0.617 0.604 0.013 0.0032 0 
29 0 0.604 0.591 0.013 0.0038 0 
30 0 0.591 0.567 0.024 0.0038 0 
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Table E. 6. The estimated seepage losses at Site 1: St George Main Channel, St George [May 2015]. 
Day Rainfall Start [m] End [m] 
Hourly 
Difference 
[m] 
Evapotranspiration 
[m] 
Seepage 
[m] 
1 0.0142 0.567 0.576 -0.009 0.0017 0 
2 0.0062 0.576 0.714 -0.138 0.0021 0 
3 0 0.714 0.681 0.033 0.0035 0 
4 0 0.681 0.659 0.022 0.0034 0 
5 0 0.659 0.641 0.018 0.0034 0 
6 0 0.641 0.627 0.014 0.0037 0 
7 0 0.627 0.627 0.000 0.0033 0 
8 0 0.627 0.613 0.014 0.0030 0 
9 0 0.613 0.593 0.020 0.0025 0 
10 0 0.593 0.639 -0.046 0.0030 0 
11 0 0.639 0.694 -0.055 0.0037 0 
12 0 0.694 0.727 -0.033 0.0026 0 
13 0 0.727 0.727 0.000 0.0034 0 
14 0 0.727 0.726 0.001 0.0035 0 
15 0 0.726 0.708 0.018 0.0026 0 
16 0 0.708 0.708 0.000 0.0033 0 
17 0 0.708 0.695 0.013 0.0028 0 
18 0 0.695 0.698 -0.003 0.0032 0 
19 0 0.698 0.711 -0.013 0.0028 0 
20 0 0.711 0.730 -0.019 0.0034 0 
21 0.009 0.730 0.730 0.000 0.0012 0 
22 0.0062 0.730 0.730 0.000 0.0020 0 
23 0 0.730 0.724 0.006 0.0026 0 
24 0 0.724 0.728 -0.004 0.0026 0 
25 0 0.728 0.698 0.030 0.0028 0 
26 0 0.698 0.670 0.028 0.0023 0 
27 0 0.670 0.665 0.005 0.0023 0 
28 0 0.665 0.655 0.010 0.0023 0 
29 0 0.655 0.641 0.014 0.0034 0 
30 0 0.641 0.632 0.009 0.0030 0 
31 0 0.632 0.631 0.001 0.0027 0 
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Table E. 7. Sample of the sensor depth calculated by the HOBOware PRO software on the B2/2 
Channel [1 May 2015]. 
Date Time Abs Pres [kPa] Abs Pres Barom [kPa] Water Depth [m] 
1/05/2015 0:00:00 106.433 99.942 0.662 
1/05/2015 1:00:00 106.386 99.893 0.662 
1/05/2015 2:00:00 106.301 99.806 0.662 
1/05/2015 3:00:00 106.259 99.751 0.664 
1/05/2015 4:00:00 106.227 99.724 0.663 
1/05/2015 5:00:00 106.189 99.713 0.66 
1/05/2015 6:00:00 106.269 99.756 0.664 
1/05/2015 7:00:00 106.292 99.767 0.665 
1/05/2015 8:00:00 106.325 99.816 0.664 
1/05/2015 9:00:00 106.382 99.86 0.665 
1/05/2015 10:00:00 106.368 99.833 0.666 
1/05/2015 11:00:00 106.317 99.735 0.671 
1/05/2015 12:00:00 106.204 99.66 0.667 
1/05/2015 13:00:00 106.092 99.594 0.663 
1/05/2015 14:00:00 106.054 99.519 0.666 
1/05/2015 15:00:00 106.003 99.47 0.666 
1/05/2015 16:00:00 105.951 99.438 0.664 
1/05/2015 17:00:00 105.904 99.394 0.664 
1/05/2015 18:00:00 105.923 99.416 0.664 
1/05/2015 19:00:00 105.937 99.426 0.664 
1/05/2015 20:00:00 105.942 99.437 0.663 
1/05/2015 21:00:00 105.933 99.421 0.664 
1/05/2015 22:00:00 105.872 99.377 0.662 
1/05/2015 23:00:00 105.788 99.307 0.661 
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